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Estratégias para edicdo génica utilizando o sistema CRISPR para a geracao de

animais de producédo geneticamente modificados?

Autora: Gabriella Borba de Oliveira

Orientador: Dr. Marcelo Bertolini

Resumo: O melhor entendimento dos procedimentos de biologia molecular tem
possibilitado o aprimoramento de estratégias de edicdo génica, como 0 sistema
CRISPR, possibilitando a modulacdo de genes em locais especificos do genoma,
incluindo modificacdes de marcacfes epigenéticas, temas que foram abordados no
Capitulo I. Os objetivos desta tese foram comparar diferentes estratégias utilizando o
sistema CRISPR (a) para promover a reprogramacéo celular parcial de fibroblastos
suinos utilizando o sistema de ativacdo com CRISPR (CRISPRa); e (b) avaliar a
sobrevivéncia e a viabilidade de embriées bovinos apds a microinjecao de zigotos com
o sistema CRISPR/Cas9 e modelos de reparo de DNA para promover recombinacao
homéloga em safe harbor loci (SHL) em embriées bovinos produzidos por fecundacgéo
in vitro (FIV). No Capitulo Il, as eficiéncias de duas nucleases de fusdo com dominios
de ativacdo (dCas9-VPR e dCpfl/Casl2a-VPR) foram comparadas para permitir a
ativacdo da expressao transitéria de genes alvo de reprogramacao (Oct4, Myc, Klf4,
Sox2 e Lin28a), e para alterar a transcricdo de genes relacionados & senescéncia
celular em células de suinos em passagens avancadas. A dCas9-VPR regulou
positivamente genes uUnicos de forma mais eficaz do que a dCpfl-VPR, também
usando menor numero de gRNAs por gene, com maior nivel de expressao para os
genes Myc e Lin28a. Por outro lado, a dCas9-VPR néo foi efetiva na regulacdo de
multiplos genes concomitantemente, embora tenham sido observados efeitos
possivelmente relacionados aos genes-alvo, como a expressdao dos genes p53 e
Dkcl. O sistema CRISPRa promoveu a reprogramacgdo in vitro parcial de células
suinas em cultivo, apesar de em um nivel menor do que o esperado. No Capitulo I,
a sobrevivéncia in vitro e o desenvolvimento de embrides bovinos de FIV foram
avaliados apos a microinjecdo citoplasmatica (MI) do sistema CRISPR/Cas9 e de
oligonucleotideos de reparo de DNA em embrides no estadio de 1-célula, tendo como
alvo os SHL H11 e Rosa26. Apos a MIV por 20 h, CCOs bovinos foram fecundados in
vitro por 8 h (grupos tratamento) ou por 18 h (grupo intacto). Grupos de zigotos foram
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parcialmente desnudados 8 h pos-fecundacéo (hpf) e, em seguida, segregados em
grupos tratamento: Semi-desnudo (Semi), controle sem MI; grupo MI com
CRISPR/Cas9; e grupos SHL, Ml com CRISPR/Cas9, gRNA para cada SHL e uma
das duas doses de oligonucleotideos de reparo de DNA (5 ng/uL ou 20 ng/uL). Os
embrides foram cultivados in vitro até o estadio de blastocisto, avaliando-se as taxas
de sobrevivéncia pos-MI (D1), clivagem (D2) e de blastocisto (D7). A sobrevivéncia
nao foi afetada pela injecdo do sistema CRISPR/Cas9, nem pelas doses ou os loci-
alvo, embora a remocéao parcial das células do cumulus com 8 hpf, ou a microinjecao
de oligonucleotideos de reparo de DNA com o sistema CRISPR/Cas9 reduziram o
desenvolvimento a blastocisto (inferior a 20% na maioria dos grupos) em comparacao
com os controles (acima de 20%), independentemente da dose injetada ou do locus-
alvo. A microinjecdo com oligonucleotideos de reparo de DNA com o sistema
CRISPR/Cas9 se demonstrou viavel para experimentos de recombinacdo homdloga
em embrides bovinos de FIV, apesar da reducéo no desenvolvimento embrionario. Em
concluséo, as estratégias utilizando o sistema CRISPR para auxiliar na edi¢cdo génica
em cultivo de células somaticas suinas ou em embrides bovinos de FIV foram viaveis
e relativamente eficientes. Por outro lado, a realizacdo de outros experimentos sera
necessaria para avaliar a viabilidade do uso de células de suinos reprogramadas para
a clonagem, e a eficiéncia por andlise gendmica dos resultados das estratégias

utilizadas para a recombinacdo homologa em embrides bovinos.

Palavras-chave: Edicdo de genes; reprogramacdo epigenética; recombinacéo
homologa; sistema de ativacdo CRISPR; células somaticas;

embrido; suinos; bovinos.
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Strategies for gene editing using the CRISPR system for the generation of
genetically engineered livestock?

Author: Gabriella Borba de Oliveira

Supervisor: Dr. Marcelo Bertolini

Abstract: The better understanding of molecular biology procedures has enabled the
improvement of gene editing strategies, such as the CRISPR system, making it
possible to modulate genes at specific sites in the genome, including changes in
epigenetic marks, subjects that were addressed in Chapter |. Therefore, the aims of
this thesis were to compare different strategies using the CRISPR system (a) to
promote partial cellular reprogramming in pig fibroblast cells using the CRISPR
activation system (CRISPRa); and (b) to evaluate embryo survival and viability after
zygote microinjection with CRISPR/Cas9 system and DNA oligonucleotide templates
to promote homologous recombination into safe harbor loci (SHL) in bovine embryos
produced by in vitro fertilization (IVF) procedures. In Chapter I, the efficiencies of two
nucleases fused to activation domains (dCas9-VPR and dCpfl/Casl2a-VPR) were
compared in enabling the transient upregulation of reprogramming target genes (Oct4,
Myc, KIf4, Sox2 and Lin28a), and for the ability to alter transcription of downstream
genes related to reprogramming of porcine somatic cells at advanced passages. The
dCas9-VPR more effectively upregulated single genes than dCpfl-VPR, also using
lower number of gRNAs per gene, with highest expression levels for Myc and Lin28a
genes. On the other hand, dCas9-VPR failed to upregulate multiple genes
concomitantly, although downstream effects were detected in the expression of p53
and Dkcl genes. The CRISPRa system promoted partial reprogramming in pig somatic
cells in vitro, although at lesser extent than expected. In Chapter lll, the in vitro survival
and developmental outcome of IVF bovine embryos were assessed after cytoplasmic
microinjection (MI) of CRISPR/Cas9 system and DNA templates at the 1-cell stage
embryo, targeting the SHL H11 and Rosa26. Bovine COCs were in vitro matured for
20 h and fertilized for either 8 h (treatment groups) or 18 h (Intact Group). Groups of
presumptive zygotes were partially denuded 8 h post-fertilization (hpf), and then
segregated into treatment groups: Semi-denuded (Semi), non-MI control; group Mi
with CRISPR/Cas9; and SHL groups, Ml with CRISPR/Cas9, gRNA for each SHL, and
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one of two doses of repair oligonucleotide templates (5 ng/pL or 20 ng/pL). Embryos
were in vitro cultured up to the blastocyst stage, evaluating post-MI survival (D1),
cleavage (D2) and blastocyst (D7) rates. Survival was not affected by the injection of
either the CRISPR/Cas9 system, the doses, or the target loci, although the partial
cumulus cells removal at 8 hpf, or the microinjection of donor oligonucleotides and the
CRISPR/Cas9 system reduced development to the blastocyst stage (lower than 20%
in most groups) in comparison to controls (above 20%), irrespective of the injected
dose or the targeted locus. The microinjection with repair templates and CRISPR/Cas9
system was feasible for homologous recombination experiments in bovine
preimplantation IVF embryos, despite the reduction in embryo development. In
conclusion, the strategies using CRISPR approaches to assist in gene editing pig cells
in culture or early bovine IVF embryos were feasible and rather efficient. On the other
hand, the performance of other experiments will be necessary to evaluate the feasibility
of using reprogrammed pig cells for cloning, and the efficiency by genomic analyses

of the strategies used for homologous recombination in bovine embryos.

Keywords: Gene editing; epigenetic reprogramming; homologous recombination;
CRISPR activation system; somatic cells; embryo; pig; cattle.
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CHAPTER I: THE GENE EDITING ERA

1. INTRODUCTION

The development and improvement of biotechnology and molecular biology
procedures have enabled a better understanding of biological processes and gene
networks involved in important traits in farm animals. With such advances, the genetic
manipulation of organisms and production of transgenic animals has expanded,
making it possible to modulate features and traits in a customized way, through
addition (Knock-In), deletion (Knock-out), and any other modulation (e.g., Knock-down)
that changes genes and gene functions at specific sites into the genome. The
development of methods to genetically modify organisms (GMOs) and to produce
transgenic animals has been based on many purposes, mainly for agriculture (e.g.,
disease resistance in livestock) and human health (e.g., expression of recombinant
proteins in milk) applications (Wheeler, 2003). The main technologies that have largely
been used to produce transgenic animals have been pronuclear microinjection of
foreign DNA into zygotes (Gordon and Ruddle, 1981; Brinster et al., 1985; Hammer et
al., 1985) and cloning by nuclear transfer (NT), using genetically modified cells of
somatic or embryonic origins (Schnieke et al., 1997, Cibelli et al., 1998, Wheeler,
2003). By genetic engineering cells, it is possible to screen and to select cells to
produce genetically modified cloned animals, either through the insertion
(transgenesis) or deletion of DNA sequences into the host genome (Murray and Maga,
2016). Although cloning by somatic cell NT (SCNT) has been successful in the
production of transgenic animals, it has not yet been possible to reach the maximum
potential due to technical limitations. Such low overall efficiency also depends on the
ability of the nuclear donor cell to be fully reprogrammed to a totipotent state, which
must occur in differentiated cells for proper embryo development (Oback, 2008).

More recently, the clustered regularly interspaced short palindromic repeats
(CRISPR)-based system became a tool of choice for gene editing (Jinek et al., 2012),
allowing an increase in efficiency for genetic manipulation of cells in culture used for
SCNT cloning or of embryos by direct cytoplasmic microinjection (Navarro-Serna et
al., 2020). Although the latter procedures have been efficient in promoting gene
modifications (deletions, knock-outs) at a rather high rate, precise DNA insertions
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(knock-ins) using the CRISPR system and exogenous DNA into early developing
embryos has been a challenge.

The use of genome-integrating methods using viral transduction remains a gold
standard in induced Pluripotent Stem Cells (iPSC) generation. However, new methods,
so-called “non-integrating techniques”, are being extensively developed and evaluated
(Gonzaélez et al., 2011; Schlaeger et al., 2015). One of such methods is the modified
version of CRISPR system, used for transcriptional activation, leading to a fully
transgene independent reprogrammed cell without persistent expression of exogen
reprogramming factors (Gilbert et al., 2013; Chavez et al., 2015). Such cells, once
reprogrammed, may be used for cloning at a potentially higher efficiency rate.
However, some barriers must be overcome, from the initial genetic construction itself,
to the limitations of techniques to produce genetic engineered animals. Therefore,
studies involving gene editing and transgenesis become necessary in order to increase
production efficiency and overcome such limitations, contributing to research advances

in several areas.



19

2. LITERATURE REVIEW

2.1 Genetically Engineered Livestock

The improvement of animal reproduction technologies combined with the
methodologies for DNA edition in farm animals enabled the development of rather
efficient methods for the genetic manipulation of organisms and the production of
genetically modified animals, which includes procedures for the deletion or the
insertion of bases or DNA sequences (transgenesis). The first success to produce
transgenic livestock was attained in 1985 (Hammer et al., 1985) and since then, many
farm animals have been genetically modified for application in agriculture and
biotechnology (Kues and Niemman, 2011). However, genetic manipulation in livestock
generally faces some challenges. The exogenous DNA integration in the germ line of
farm animals has been proven challenging and often inefficient over the transgenic
animal generation process (Niemann and Kues, 2003; Meng et al., 2013; Chi et al.,
2019; Lamas-Toranzo et al., 2019). Such difficulties usually lie on the random
transgene integration and the control of transgene copy number, which can lead to an
unpredictable phenotype of protein expression (Ruan et al., 2015). Due to the low
efficiency of the process in livestock and the increased demand for novel transgenic
animal models, the classical methods have been improved and new complementary
techniques have been developed for more efficient production of transgenic animals.

Historically, the main advanced reproductive technologies used to produce
genetically modified animals have been pronuclear microinjection of exogenous DNA
into zygotes (Gordon and Ruddle, 1981; Brinster et al., 1985; Hammer et al., 1985),
somatic cell nuclear transfer (SCNT), or genetically modified embryonic stem cells for
production of chimeras (Schnieke et al., 1997; Cibelli et al., 1998; Wheeler, 2003).
Although such procedures have been successful in the production of transgenic
animals, it has not yet been possible to reach the maximum production potential due
to the limitations of the techniques themselves and the low rate of integration of
exogenous DNA in specific sites into the genome (Hodges and Stice, 2003; DeMayo
et al., 2012).

Although great steps have been made in generating transgenic large animals,
most of the events in the genome editing process cannot be fully controlled. For this

reason, research is continuing, and novel approaches are progressively being
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developed, aiming to insert transgenes in specific sites into the genome, improving the
homologous recombination process in large animals, and allowing gene modification
and selection of transformed more reprogrammable cells in culture that could be
cloned to produce fertile animals (Schnieke et al., 1997; Murray and Maga, 2016).

2.1.1 Microinjection procedures

The first approach to generate transgenic livestock was made by pronuclear
DNA microinjection (Hammer et al., 1985). Although such technique has been
successfully used in mice, pronuclear microinjection is not cost-effective in large
animals due to its low efficiency and high costs for generating many offspring with a
low rate of transgenesis (Galli et al., 2012). Despite the inefficiency of the pronuclear
microinjection procedures, many transgenic farm animals have been generated in such
way (Murray et al., 1989; Baldassarre et al., 2003; Uchida et al., 2001).

The pronuclear microinjection is based on the introduction of linear DNA
sequences into the fertilized zygote through microinjection into the female and/or male
pronuclei. Exogenous DNA must be integrated into the genome before the first
cleavage and duplication of genetic material so that the animal can present the
transgene in all cells and in all cell lineages (Fig. 1). However, such technique has low
efficiency and a low success rate in transmitting the transgene to germ cells, with the
occurrence of mosaicism in most produced animals (Kubisch et al., 1995; Eyestone,
1999; Hodges and Stice, 2003; Meng et al., 2015). More recently, the cytoplasmic
microinjection has re-emerged as an alternative to gene transfer into zygotes,
especially with the advent of the new gene editing tools. Compared to the pronuclear
injection, such procedure is simpler, not requiring visualization and injection into the
pronuclei, not even requiring pronuclear stage embryos for its use. However, it is
essential that the injection of exogenous DNA occurs at the exact time the genome is

exposed to facilitate transgene integration (Fig. 1; Meng et al., 2015).
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Figure 1. Cytoplasmic and pronuclear microinjection scheme. PNI: pronuclear injection. CI:
cytoplasmic injection. Source: Sumiyama et al. (2010).

2.1.2 Cloning by Nuclear Transfer (NT) procedures

In the 1990’s, a breakthrough in livestock transgenesis came from the
development of cloning by somatic cell nuclear transfer (SCNT), with the birth of Dolly
the sheep (Wilmut et al., 1997), which was quickly translated into the production of
transgenic sheep (Schnieke et al., 1997). So far, cloning by SCNT remains among the
cutting-edge options for transgenesis in farm animals (Bertolini et al., 2016). The
nuclear transfer technique allows the production of cloned animals, by introducing the
genetic material of an animal cell (nucleus donor) into an enucleated oocyte, through
micromanipulation (Fig. 2). Thus, genetic engineering of the genome is carried out in
vitro, in cell cultures, with subsequent selection of cell colonies that have the DNA of
interest integrated in its genome (Bertolini et al., 2016; Galli et al., 2012). This process
is followed by molecular screening of selected colonies, which allows the determination
of copy number and chromosome location of the new DNA in the host genome (Lin et
al., 2014).

Cloning by SCNT made it possible for major technical advances in the
development of transgenic animals, with advantages related to the convenience of
producing transgenic cloned embryos, with more precise molecular characterization of
cell lines prior to cloning, when compared to microinjection, with all born animals being
of the selected genotype. Moreover, this technique has brought even more flexibility to
researchers, as these cells are easily cultured and can be frozen for later use in cloning

and transgene integration studies (Bressan et al., 2008).
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Figure 2. Simplified cloning scheme by nuclear transfer procedures. A matured oocyte (Ml
phase) is enucleated (cytoplast) and a transgenic somatic cell (gray-striped cell,
karyoplast) is transferred into the perivitelline space, under the zona pellucida. An
electrical pulse is then given to fuse the two cell membranes, transferring the cell
nucleus into the oocyte. Source: Hodges and Stice (2003).
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Although SCNT cloning is a feasible procedure for the development of
genetically modified animals, other problems still need to be addressed. One of the
great cloning limitations, in addition to its low efficiency (Bressan et al., 2008), is related
to epigenetic reprogramming that must occur in the differentiated cell for proper
embryo development (Niemann and Lucas-Hahn, 2012; Simmet, Wolf and
Zakhartchenko, 2021). Some studies have shown that SCNT cloned animals may
develop abnormalities in development due to faulty epigenetic reprogramming and
gene expression (Fletcher et al., 2007; Chavatte-Palmer et al., 2012). Moreover,
primary fibroblast cells, the main and more widely cell type used for SCNT cloning,
have a limited lifespan in culture, which is usually decreased by cell transfection, colony
selection and screening after genetic modifications, which commonly hinder their use
as nucleus donors for cloning (Laible and Alonso, 2009; Galli et al., 2012). Despite the
problems, by implementing the cloning approach, the efficiency of generating
functional transgenic animals is increased, mainly when compared to embryo

microinjection.

2.2 Gene Editing Tools

Usually, the insertion of a transgene into the genome occurred in a random

fashion though standard genetic manipulation procedures (Clark et al., 2000), making
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the regulation of the transgene expression unpredictable. In addition, the site of
insertion may also be deleterious to the cell, depending on its location into the genome.
The random integration occurs at points into the genome where there are double-
stranded breaks (DSB), with the transgene being inserted incidentally during DNA
repair. Therefore, the development of gene editing tools allowed a known and precise
excision of the DNA, where gene integration occurs, turning the production of
genetically modified (GM) and transgenic animals a more efficient process (Bressan et
al., 2008). The gene editing technology is based on the use of nucleases formed by
sequence-specific DNA domains and non-specific cleavage domains, which induce
DSB, which activates the DNA repair machinery, mainly the homologous
recombination (HR) or the non-homologous end joining (NHEJ) pathways, enabling
precise and specific genetic modifications in the genome (Wyman and Kanaar, 2006;
Urnov et al., 2010; Carroll, 2011). Three main systems for gene editing have been
progressively developed over the past three decades, starting with Zinc finger
nucleases (ZFNs), followed by transcription activator-like element nucleases
(TALENs), and finally culminating with RNA-guided endonucleases, mainly
represented by the CRISPR/Cas9 system (Jinek et al., 2012; Gaj et al., 2013), a recent

disruptive technology of great impact in biology.

2.2.1 Zinc Finger Nucleases (ZFN)

The ZFNs consist of a zinc finger site-specific DNA-binding domain in the N-
terminal region, fused to non-specific cleavage domains of the Fokl endonuclease, in
the C-terminal region (Fig. 3). The ZF motif with specific DNA-binding affinity was
discovered as part of a transcription factor lla in Xenopus sp. oocytes (Miller et al.,
1985). At least two ZFNs are necessary for use in genetic modifications, as Fokl needs
to dimerize to excise the DNA, and such feature increases the specificity of the binding
to the target sequence (Smith et al., 2000). The two ZFNs molecules bind to the target
DNA in a tail-to-tail orientation separated by a 5-7 bp spacer sequence, with the double
strand break (DSB) occurring in the region between the molecules (Fig. 3; Petersen,
2017; Gaj et al., 2013).
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Figure 3. Dimer of Zinc finger nucleases linked to the target DNA, with the cleavage recognition
domain (spacer sequence) by Fokl nuclease. Source: Gaj et al. (2013).

2.2.2 Transcription Activator-Like Element Nucleases (TALEN)

The TALES (transcription activator-like effectors) are produced naturally by plant
pathogens, such as Xanthomonas sp. (Boch et al., 2009). Such molecules can bind to
the host's DNA, acting as transcription factors in the activation of plant genes that
promote bacterial infection. TALES consist of repetitions, called RVD (repeat variable
di-residue), where each repetition binds specifically to a nucleotide of genomic DNA,
establishing a protein-DNA interaction (Boch et al., 2009; Moscow and Bogdanove,
2009). The TALEs repetitions can be used to construct DNA binding domains capable
of recognizing endogenous mammalian DNA sequences. By fusing the binding domain
in the C-terminal region with a non-specific Fokl endonuclease cleavage domain in the
N-terminal region, a TALE nuclease (TALEN) is formed, which can be used in dimers
to generate specific DSBs (Fig. 4; Li et al., 2011; Gaj et al., 2013; Petersen, 2017).
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Figure 4. Each transcription activator-like effector (TALE) repeat contains 33-35 amino acid
residues that recognize a single nucleotide of the target DNA, through two
hypervariable amino acid residues (RVDs). Fokl cleavage domain dimers introduce
double-strand breaks. Source: Gaj et al. (2013).

2.2.3 CRISPR System

The CRISPR system (clustered regularly interspaced short palindromic repeats)
is derived from the prokaryotic adaptive immune system, which provides protection
against viruses by destroying exogenous DNA, in a sequence-specific manner,
encoded by DNA and mediated by RNA (Terns and Terns, 2011; Jinek et al., 2012;
Barrangou and Doudna, 2016). The CRISPR/Cas9 system is the most recent method
of genomic modification, in which a guide RNA (gRNA) directs the Cas9 nuclease for
binding and cleavage of target DNA sequences, generating DSB at specific sites into
the genome (Tu et al., 2015). In the type Il system, small sequences of exogenous
DNA, called protospacers (spacers), are integrated into the CRISPR genomic locus,
transcribed and processed into small CRISPR RNAs (crRNAs). These crRNASs join
with a trans-activating crRNAs (tracrRNAs) and direct site-specific cleavage by Cas
(CRISPR-associated) proteins, silencing the pathogen's DNA (Fig. 5; Cong et al.,
2013; Gaj et al., 2013; Sander and Joung, 2014).
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Figure 5. The CRISPR/Cas9 system. The CRISPR system found in bacteria incorporates
exogenous DNA sequences into arrays, which then produces crRNAs containing
regions of protospacer, which are complementary to the exogenous DNA binding site.
The crRNAs hybridize to the tracrRNAs (also encoded by the CRISPR system) and
then, the RNA pair may associate with the Cas9 nuclease. The crRNA-tracrRNA/Cas9
complex recognizes and cleaves exogenous DNAs complementary to the protospacer
sequence. Source: Sander and Joung (2014).

To simplify the construction process of the CRISPR/Cas9 system and to
maintain cleavage efficiency, the crRNA-tracrRNA complex was redefined as a single
guide RNA transcript (single-guide RNA or sgRNA) necessary for Cas9 binding and
cleavage into the target DNA sequence, which is flanked by a conserved 2-4 bp
recognition sequence called protospacer-adjacent motif (PAM), specific for each
nuclease, generating DSBs (Fig. 6; Sander and Joung, 2014; Tu et al., 2015). This
system allows multiple loci to be targeted simultaneously, showing efficiency and
specificity similar to ZFNs and TALENSs (Gaj et al., 2013; Petersen, 2017). Despite the
advantages observed with this system, the correct design of the sgRNA is extremely
important to avoid unintended and random mutations (off-targets), due to the non-
specificity of DNA cleavage. This non-specificity of the nuclease recognition in the
target DNA can generate DSB in undesired sites into the genome, leading to silent

mutations or even loss of function of important genes (Ishii, 2017).
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Figure 6. The CRISPR/Cas9 system. The most commonly used CRISPR/Cas system is derived
from the fusion between the crRNA and part of the tracrRNA sequence. This unique
gRNA forms a complex with Cas9 to mediate the cleavage of target DNA sites that are
complementary to the 20 nt of gRNA and which are next to a PAM sequence. Source:
Sander and Joung (2014).

2.2.3.1 CRISPR activation (CRISPRa) system

Modified versions of the Cas9 protein have been engineered by mutating two
key amino acid residues within its nuclease domains, generating a deactivated Cas9
(dCas9), a RNA-programmable DNA-binding protein that lacks endonucleolytic
activity, while retaining the capacity to interact with DNA (Gasiunas et al., 2012;
Didovyk et al., 2016). Catalytically inactivated Cas9 proteins (or also named dead
Cas9) can be used to control gene expression by physically blocking transcription or
through fusion to transcriptional activation (Ads; e.g., VP64, a viral transcriptional
activator) or repression (e.g., KRAB, Krueppel-associated box) domains, enabling
Cas9 to serve as a tool for cellular programming at the transcriptional level (Cheng et
al., 2013; Gilbert et al., 2013; Maeder et al., 2013).
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Activation levels using single Ads fused to Cas9 are generally weak.
Consequently, the fusion of multiple Ads per dCas9 molecule may increase
transcriptional activation by mimicking the natural cooperative recruitment process
(Chavez et al., 2015). Several candidate effectors with known transcriptional roles
have been tested, and three different activation domains (VP64, p65, and Rta)
presented the most meaningful induction actions (Didovyk et al., 2016). However, such
ADs alone were not more effective than VP64, the first generation of transcriptional
activators, but when they were fused to form a so-called VPR activator (VP64-p65-
Rta), such construction was more effective than a single VP64 fusion (Chavez et al.,
2015; Fig. 7).

Genomic DNA PAM

dCas9-VPR Gene

Figure 7. The CRISPR/Cas9 activation system. Cas9 consist of an effector nuclease (colored
blue) and a single crRNA (sgRNA) located in the genomic DNA immediately upstream
of the protospacer-adjacent motif (PAM) (3-NGG-5'). The VPR CRISPRa system
consists of dCas9 fused to three transcriptional activators (VP64, p65 and Rtal9)
(dCas9-VPR), which act upstream of the transcriptional start site (TSS) to overexpress
a target gene with a single guide RNA (sgRNA). Source: adapted from
https://dharmacon.horizondiscovery.com.

Transcriptional activation can also be increased by targeting the gene promoter
with multiple sgRNAs (Cheng et al., 2013; Maeder et al., 2013). With dCas9, the
process of multiplex sgRNAs requires either relatively large constructs, which is time-
consuming, or simultaneous delivery of multiple plasmids, which can also be a problem
in terms of efficiency or for in vivo applications (Zetsche et al., 2017). Recently, new
nucleases with better performances have been discovered to improve CRISPR

procedures and to overcome some limitations of the CRISPR/Cas9 system (Kim et al.,
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2016). The Cpfl or Casl2a is a smaller endonuclease, similar to Cas9, that also
cleaves double-stranded DNA at the recognition site. However, it only requires a
shorter (43 nucleotides) and simpler CRISPR RNA (crRNA or gRNA) that consists of
a 5-handle (20 nucleotides) and a guide segment (23 nucleotides), as depicted in
Figure 8 (Li et al., 2018).

NNNNNNNNNNN

3

Genomic DNA Spacer (guide segment)

Direct repeat
(handle)

Figure 8. The CRISPR/Cpfl-Casl2a activation system. (a) Cpfl consist of an effector nuclease
(colored blue) and a single crRNA (sgRNA) located in the genomic DNA immediately
downstream of the protospacer-adjacent motif (PAM, 5-TTTN-3'). (b) Structure of the
Cpfl gRNA, composed of a direct repeat (5' handle) and a spacer (guide segment).
Source: adapted from https://dharmacon.horizondiscovery.com; Li et al. (2018).

The simpler structure of the CRISPR/Cpfl allows it to encode two or more
crRNAs in a multiplex single transcript (MST), which can be processed by the Cpfl
RNase activity (Zetsche et al., 2017). Among the Cpfl-family proteins already
evaluated, two Cpfl orthologs, Acidaminococcus sp. Cpfl (AsCpfl) and
Lachnospiraceae bacterium Cpfl (LbCpfl), displayed the best genome-editing activity
in a number of organisms, including human cells and mice (Kim et al., 2016; Zhang et
al., 2017; Zetsche et al., 2017). Cpfl is capable of targeting AT-rich promoter regions
due to its base pairing-dependent PAM recognition (5’ T-rich PAM; Li et al., 2018).
Kleinstiver et al. (2016) demonstrated that Cpfl is highly specific in human cells,
showing no detectable off-target effects and efficiencies comparable to those of the
SpCas9 nuclease. For these reasons, dead Cpfl (dCpfl) is an attractive tool for

genome regulation and expression amplification in cellular engineering.
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2.3 Challenges of the gene editing technology in genetic engineering

The generation of genetically modified animals has undoubtedly become more
efficient and specific since its emergence, with the first reports of GM mice in 1974
(Jaenisch and Mintz, 1974), after the microinjection of a DNA sequence into the
blastocoel of mouse embryos, and in 1980 (Gordon et al., 1980), by the efforts of Frank
Ruddle’s group, by microinjecting exogenous DNA into the pronuclei of mouse
zygotes. While Jaenisch’s animals incorporated the exogenous DNA into the mouse
genome but failed to transmit it through the germ cells, Ruddle’s mice were true
transgenic, as they transmitted the transgene to their progeny. Interestingly, it was
Gordon and Ruddle who coined the term “transgenic” for the first time, in 1981 (Gordon
and Ruddle, 1981). For decades, the technology for transgenesis was limited, with the
cutting and splicing of DNA and insertion of exogenous DNA sequences occurring at
random and with concomitant high wastage of animal lives due to its lack of precision
and efficiency. The technology of CRISPR system had revolutionized genetic
engineering, becoming significantly quicker, cheaper, and easier to modify the
genome, providing the knowledge of the genomic sequences, and therefore, it became
highly accessible. The advantages of this approach have enabled a significant
improvement in the process circumventing some of the previous obstacles in the
success of the procedures, such as, for instance, the poor integration efficiency (on-
target efficiency) and associated undesired (off-target) effects (Hsu, Lander and
Zhang, 2014; Chandrasekaran, Song and Ramakrishna, 2017). The manipulation of
the DNA repair machinery to promote homologous recombination (HR), and the
identification of safe harbor loci (SHL) are strategies currently under intense focus by
research groups worldwide in attempts to target genes precisely and individually into
genomic sites where transgene integration can be safe for the cell and from gene
silencing cellular mechanisms.

Although the efficiency in the gene manipulation processes improved over time,
it still remains far from satisfactory, both scientifically and ethically. Currently, it is still
difficult to accurately estimate, quantitatively, the efficiency of CRISPR, as estimates
vary considerably and are affected by many factors, including the nature of the target
site (function and site in the genome) and the chosen CRISPR-associated nuclease
(Bailey, 2019). The knock-in efficiencies are still low and highly variable, mostly in

research with embryos, but also in cell lines. Regardless of the on-target efficiency, the
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off-target effects are a common concern. Unintended mutations induced by the GM
process may affect other non-specific sites in the genome, causing low birth rates of
animals with the desired genetic modification or may affect the animal’s well-being (Fu
et al., 2013; Hsu et al., 2013; Hsu et al., 2014; Pattanayak et al., 2013).

In addition to the common use for gene editing, the CRISPR system has
undergone many modifications that allow not only DNA editing but also regulation of
gene expression without directly modifying DNA sequences, such as gene activation,
repression or even chromatin remodeling. The ability to change already altered gene
expression is essential for some cell reprogramming experiments, for example, if it is
necessary to reprogram somatic cells into iPSCs and then differentiate them into
another cell type, which is one of the most promising tools in cell reprogramming
(Shakirova, Ovchinnikova and Dashinimaev, 2020). Like other CRISPR-based
systems, possible off-target effects should also be taken into account. Non-specific
transcription activation/repression can cause altered non-target gene expression and,
as a result, disruption of dependent gene cascades (Hsu et al., 2014).

Another important technical aspect of cell reprogramming using CRISPR tools
is the sgRNA expression into the cell, which depends on the promoter and may vary
according to the concentration of the plasmid. Using specific promoters, it is possible
to produce multiple sgRNAs from a single transcript and therefore offer complex control
over cell behavior. Nevertheless, multiplexing the sgRNA to increase the scale of
reprogramming or screening can result in retroactivity, when different sgRNAs
compete for available Cas9 proteins, altering the overall efficiency (Zhang and Voigt,
2018). In addition, the level and duration of gene expression is also of great
significance. Therefore, the ability to control the working time of the CRISPR nuclease
is crucial in cell reprogramming due to its correlation with cell fate; it also prevents off-
target effects caused by the prolonged activity of dCas9 (Shakirova, Ovchinnikova and
Dashinimaev, 2020).

2.3.1 DNA repair pathways

An important point for the generation of GMOs is the maintenance of genomic
integrity, which is essential for the survival and development of organisms. As already
mentioned above, once DNA DSB occurs, two major DNA repair pathways operate in

higher eukaryotes in an attempt to avoid cell death: the homologous recombination
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(HR) and the nonhomologous end joining (NHEJ). Such pathways, along with the gene
editing technology, became modern genetic engineering tools used to modify the
livestock genome, either through the NHEJ or HR repairs pathway, depending on the
purpose, as such pathways operate in distinct ways and under different circumstances.

The classical NHEJ (c-NHEJ) has the potential to ligate any kind of DSB ends
without the requirement of a homologous sequence, as opposed to the HR, which
leads NHEJ mechanism to be considered the most powerful and relatively simple DSB
repair pathway (Pardo et al., 2009). To perform the reactions necessary for the repair,
the NHEJ machinery relies on many protein factors that carry structural stabilization
functions, as well as DNA degradation, polymerization and ligation functions (Fig. 9).
All NHEJ reactions require the core NHEJ machinery that is composed of three protein
complexes (MR(X)N, the KU and the DNA ligases complexes), potentially occurring
throughout the cell cycle, with a dominant effect during GO/G1 and G2 phases (Pardo
et al., 2009; Karanam et al., 2012; Chiruvella et al., 2013). The NHEJ has frequently
been considered an error-prone DSB-repair pathway, since it usually causes insertions
and deletions of few bases (indels), thus resulting in errors (Lieber, 2010). As error-
prone, or illegitimate, such pathway is effective for strategies involving the introduction
of small mutations or random indels, which is necessary, for example, for disruption of
functional alleles to promote gene knock-out.

The homologous recombination (HR) is one of the main homology-directed
repair (HDR) mechanisms that requires homologous DNA. The HR is a key DNA repair
pathway of high fidelity necessary to maintain genomic integrity, being active during
the S and G2 phases. The DNA damage is processed to form an extended region of
ssDNA, which is bound by the single stranded DNA binding protein RPA. Binding of
RPA eliminates secondary structures in sSSDNA, which is needed for competent Rad51
filaments to assemble (Heyer, Ehmsen and Liu, 2010). The Rad51 filament performs
homology search and DNA strand invasion, generating the D-loop where the invading
strand primes DNA synthesis (Heyer et al., 2006). D-loop extension is followed by
branch migration to produce double-Holliday junctions, the resolution of which
completes the repair cycle. This resolution step can be accomplished via formation of
two Holiday junctions, which are subsequently resolved to give crossover or non-

crossover products (Wu et al., 2008, Brandsma and Gen, 2012; Fig. 9).
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Figure 9. DNA repair pathways in eukaryotes upon a DNA double strand break (DSB). NHEJ:
the nonhomologous end joining (NHEJ) pathway starts with recognition of the DNA
ends by the Ku70/80 heterodimer, which recruits DNA-PKcs. If the ends are
incompatible, nucleases such as Artemis can trim the ends. A DNA Ligase complex
seals the break. HR: in the homologous recombination (HR) pathway, the MRN
complex starts resection on the breaks to generate single stranded DNA (ssDNA). After
resection, the break can no longer be repaired by NHEJ. The ssDNA is first coated by
RPA, which is subsequently replaced by Rad51 with the help of BRCA2. These Rad51
nucleoprotein filaments mediate strand invasion on the homologous template.
Extension of the D-loop and capture of the second end lead to repair. Source: adapted
from Brandsma and Gen (2012).

The HDR mechanism allows the precise mutation of single or few nucleotides,
which has been in use for the generation of animal models for human diseases.
However, the NHEJ repair pathway is usually 1,000 to 10,000 more frequent than the
HR in higher eukaryotes (Smith, 2001), which turns precise transgenesis process more
difficult. Due to that, research groups around the world have been working on the
development of new strategies to improve HDR recruitment and efficiency in many

mammalian species.
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2.3.2 Safe Harbor Loci

Traditionally, transgenic livestock animals have been produced by integrating a
transgene into the genome in a random manner, as the exogenous DNA would be
inserted wherever there would be a DSB. In such way, transgene integration and safety
are limited by interaction between the newly integrated DNA and the host genome. An
important factor for efficient transgene insertion and expression is the requirement of
a genomic locus that leads to a safer and more efficient process, allowing gene
integration and expression, without disrupting internal gene function (Sadelain,
Papapetrou and Bushman, 2012; Ruan et al., 2015). When randomly inserted, genes
are subjected to position effects, generating unstable phenotypes and gene silencing,
making their expression unreliable and unpredictable (Phelps et al., 2003).

Although the question of where to introduce transgenes into the host genome
to maximize safety and efficacy has not been completely elucidated, some
predetermined genomic sites, known as safe harbor loci (SHL), appear to be an
alternative to face such problems. Safe harbor loci are described as regions where an
exogenous DNA can be targeted relatively easily by homologous recombination,
supporting strong ubiquitous expression of inserted sequences while not being
subjected to gene silencing (Irion et al., 2007).

So far, the most targeted locus in mammals is the ROSA26, with extensively
studies in mouse embryonic stem cells (Casola, 2010), rats (Kobayashi et al., 2012)
and humans (Irion et al., 2007). The orthologous sequence of the mouse ROSA26 was
also described in pigs (Kong et al., 2014), cattle (Tan et al., 2013) and goats (Tavares
et al., 2016). The ROSA26 locus is controlled by a promoter, which has a moderate
strength that may in some instances result insufficient to achieve the desired levels of
transgene expression (Casola, 2010). Recently, the transcriptionally active H11 locus
has been described in mice (Tasic et al., 2011), human stem cells (Zhu et al., 2014)
and pigs (Ruan et al., 2015) as a safe locus that supports transgene insertion and
expression, with an advantage to ROSA26, since the H11 locus does not contain any
promoter, allowing the transgene to be expressed under its own promoter, as tissue-

specific promoters (Ruan et al., 2015).

2.3.3 Cellular Reprogramming
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Considering the transgenic production by cloning by nuclear transfer (NT), no
consensus has been reached on the influence of the cell type on transgene expression
levels and post-reprogramming capacity after cloning procedures, and such factors
appear to be related to the epigenetic profile of the cells. Initially, it was believed that
pluripotent cells, such as embryonic stem cells (ESCs), would be more efficient for
cloning due to a higher nuclear reprogramming success and proper embryo
development (Prather et al., 1987). The ESCs can self-renew, differentiate into all cell
types, and undergo numerous cell divisions, giving rise to identical undifferentiated
daughter cells. However, stem cell technology is still limited in livestock species as
deriving and maintaining pluripotent cells in vitro are not yet fully characterized or
reproducible in domestic animals (Brevini et al., 2008; Kumar et al., 2021). Conversely,
somatic cells cannot divide indefinitely, having limiting proliferative potential (Banito
and Gil, 2010). Thus, the ability to derive pluripotent cells from somatic cells by
reversing the natural differentiation process that occurs during development has been
long explored for cloning/transgenesis studies for applications in basic biology, drug
development and regenerative medicine (Banito et al., 2009).

Reprogramming somatic cells to pluripotency can be achieved by different
approaches, including cloning by SCNT (Wilmut et al., 1997), fusion between somatic
and pluripotent cells (Ying et al., 2002), and ectopic expression of specific transcription
factors (TFs; Takahashi and Yamanaka, 2006). The use of genetically engineered
pluripotent stem cells (i.e., embryonic stem cells, ESCs, or pluripotent stem cells,
PSCs) as donor cells for cloning could simplify and improve efficiency for transgenic
animal production, as already shown in mice (Zhou et al., 2010). Reprogramming
somatic cells into PSCs is the result of remodeling the somatic genome, epigenetically
and transcriptionally, into an embryonic stem-like state, which includes the reactivation
of pluripotency genes and the repression of lineage commitment genes (Maherali et
al., 2007; Sridharan et al., 2009). Development of direct reprogramming technology
offers an alternative approach for generation of pluripotent stem cells, applicable also
in farm animals. Takahashi and Yamanaka (Takahashi and Yamanaka, 2006) first
pinpointed key genetic factors that were able to reprogram committed cells into PSC.
Such discovery allowed the development of a method to generate induced pluripotent
stem cells (iPSCs) from mouse embryonic fibroblasts by induced expression of four
transduced nuclear transcription factors (Takahashi and Yamanaka, 2006). Those

authors first showed that mouse somatic cells could be reprogrammed to a pluripotent-
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like state by expressing four transcription factors, so-called the ‘Yamanaka factors’ or
OKSM (Oct4, Klf4, Sox2, and c-Myc). Since then, the iPSCs were established in many
other animal species with different combinations of exogenous reprogramming factors,
dependent on donor cell type and/or species, including human fibroblast cells,
reprogramed using a combination of factors that included Nanog and Lin28, also
effective to induce pluripotency (Takahashi et al., 2007; Yu et al., 2007; Yu et al., 2009).

Reprogramming occurs as a gradual and usually inefficient process that results
in only a small percentage of the cells becoming pluripotent, which indicate that TFs
need to overcome a series of limiting events and epigenetic barriers to be able to
operate (Takahashi and Yamanaka, 2006; Stadtfeld and Hochedlinger, 2010). Cell
populations expressing OKSM pass through a sequence of distinct molecular and
cellular events, where initially lineage-specific genes are gradually silenced, and
embryonic markers become activated (Apostolou and Hochedlinger, 2013). Such
events induce the expression of endogenous genes linked to pluripotency, acquiring a
self-sustaining pluripotent state, which suggests an ordered process, accompanied by
telomerase activation and telomere length extension (Takahashi et al., 2007; Stadtfeld
et al., 2008).

In addition to the use of iPSCs to generate genetically modified animals, such
elegant approach promises to further revolutionize genome reprogramming for
numerous applications in medicine, agriculture, and biotechnology. As iPSCs can
differentiate themselves into all cell types of an organism, such cells provide a powerful
platform to study development, tissue regeneration, disease mechanisms, and gene
therapeutic approaches (Colman and Dreesen, 2009; Rossell6 et al., 2009; Hwang et
al., 2011). In livestock species, iPSC have already been produced in the pig ( Ezashi
et al., 2009; West et al., 2010), horse (Nagy et al., 2011; Breton et al., 2013), cattle
(Han et al., 2011; Talluri et al., 2015), sheep (Liu et al., 2012; Sartori et al., 2012) and
goat (Song et al., 2013; Sandmaier et al., 2015). However, the pig has been the most
intensively studied farm animal in genetic engineering, due to its organ size and
physiology that best resembles the human organism, thus becoming a valuable model
for testing new therapeutic approaches (Cibelli et al., 2013). In that regard, the use of
the CRISPRa system has emerged as a novel tool to direct cell reprogramming,
promising to revolutionize cell biology and the applications into cell and gene therapy
(Chavez et al., 2015; Didovyk et al., 2016; Weltner, et al., 2018).
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2.3.3.1 Cellular Senescence

The initial barrier for the success of reprogramming is the stress response
triggered by the senescence pathway, that are related to DNA damage, oxidative
stress and telomere loss, induced by replicative exhaustion in culture and also for the
reprogramming process itself (Banito et al., 2009; Fernandez and Mallette, 2016).
Senescence is the irreversible arrest during the G1 transition of the cell cycle that up-
regulates genes into the apoptotic pathway, such as p53 and the cyclin-dependent
kinase (CDK) inhibitors p16 and p21. Therefore, the higher the expression levels of
such genes, the more difficult it is to reprogram the cells (Banito et al., 2009). Several
studies showed that knocking down p53 in human or mouse cells can significantly
increase the efficiency of reprogramming (Zhao et al., 2008; Banito et al., 2009;
Kawamura et al., 2009). In mammary epithelial cells, suppression of p53 function
induces cellular immortality, probably through the reactivation of telomerase (Kanaya
et al., 2000). The overlap between indirect telomerase regulation pathways and cell
cycle checkpoint pathways, suggests that these genetic elements (p21, p53, and
TERT) are also implicated in the process of senescence, caused in eukaryotic cell lines

by telomere shortening (Lai et al., 2005).

2.4 Applications

The gene editing technology for use in genetic engineering has brought
numerous possibilities for DNA modifications aiming at the production of GMs and
transgenic animals with different traits of interest, in a much faster way than the
traditional process of crossbreeding in animal breeding programs. Most studies have
been carried out on mice, but with the advances in this area, farm animals, such as
sheep, cattle, pigs and goats, can be used for many purposes. The main applications
of transgenic farm animals are to improve the performance of the animal itself, such
as the generation of pigs with resistance to reproductive and respiratory syndrome
(PRRS; Whitworth et al., 2016); for the production of biopharmaceuticals or products,
such as the production of milk without the presence of beta-lactoglobulin (BLG), a
powerful known allergen in humans (Yu et al., 2011); for xenotransplantation; and also
in the generation of models that mimic human physiology for studies of diseases, such

as cardiovascular problems with the production of knockout animals for the PPARyY
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(peroxisome proliferator-activated Receptor Gamma) and LDL (low density lipoprotein)
genes (Yang et al., 2011; Carlson et al., 2012). Gene editing, especially through the
use of the CRISPR systems, to excise the DNA for any sort of purpose, or to activate
genes through the CRISPRa system, is allowing a quick progress and spectacular

advances in biology and in the way we manipulate the genome and the epigenome.
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3. HYPOTHESES AND OBJECTIVES

3.1 Hypotheses

a) The CRISPR activation (CRISPRa) system is a simple and effective tool to activate
pluripotency genes to partially reprogram porcine somatic cells and overcome cell
senescence.

b) The cytoplasmic microinjection into bovine IVP zygotes of the CRISPR/Cas9
system and donor repair templates targeted to bovine safe harbor loci (SHL) is

innocuous to in vitro embryo development.

3.2 General Objective

a) To evaluate the strategies using the CRISPR system to promote partial cellular
reprogramming in porcine cells in culture and to evaluate the effect of the CRISPR
system when microinjected to promote homologous recombination on survival and

development of bovine IVP embryos.

3.3 Specific Objectives

a) To evaluate the ability of the CRISPR activation approach to promote the
upregulation of reprogramming genes in porcine somatic cells in culture;

b) To evaluate the ability of the CRISPR activation approach to promote the
regression of cell senescence in porcine somatic cells in culture;

c) To evaluate the efficiency of nucleases dCpfl-VPR and dCas9-VPR to promote
gene transcriptional activation in porcine somatic cells in culture;

d) To evaluate the effect of cytoplasmic microinjection of CRISPR/Cas9 system on
survival and in vitro development of bovine IVP embryos;

e) To evaluate the effect of cytoplasmic microinjection of donor repair oligonucleotide
templates under different concentrations on survival and in vitro development of
bovine IVP embryos; and

f) To evaluate the effect of directing homologous recombination by CRISPR/Cas9
system into the ROSA26 and the H11 safe harbor loci on survival and in vitro

development of bovine IVP embryos.
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Abstract

Modified versions of the CRISPR system have been engineered to generate
catalytically inactive nucleases, which can be fused to transcriptional activation
domains to control gene expression. The CRISPR activation system serves as a tool
for cellular reprogramming at the transcriptional level, leading to a transgene
independent reprogrammed cell with transient expression of exogenous
reprogramming factors. However, a lack of information exists regarding the use of the
CRISPR activation system to induce expression of inactive reprogramming genes in
porcine cells. In this study, we aimed to evaluate the efficiency of two nucleases fused
to activation domains (dCas9-VPR and dCpfl-VPR) in enabling the transient
upregulation of reprogramming target genes (Oct4, Myc, Klf4, Sox2 and Lin28a), and
the ability to alter transcription of downstream genes related to reprogramming of
porcine somatic cells at advanced passages. When comparing nucleases, the dCas9-
VPR more effectively upregulated single genes (overall fold change mean of 3.04) than
dCpf1-VPR (overall fold change mean of 1.72), also using lower number of guide RNAs
per gene, with highest results for Myc (fold change of 3.06) and Lin28a (fold change of
9.4). On the other hand, dCas9-VPR failed to upregulate multiple genes concomitantly,
although we could observe downstream effects of the target genes in the expression
of p53 (fold change of 0.38) and Dkcl (fold change of 1.4). We suggest that the
CRISPR activation system can promote partial cell reprogramming in pigs, first by
expressing Myc and Lin28a, leading to transcriptionally activation of related genes, as
Dkcl, and downregulation of p53, as a downstream effect. In addition to the efficiency
of dCas9 for single gene activation, the advantages of multiplexing gRNAs with Cpfl
for multiple gene activation could be used in future studies to overcome the limitations

of cellular senescence.

Keywords: Reprogramming; CRISPR activation system; Porcine; Somatic cells.
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Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR)-based
system is a rather novel method for genome modification, containing an RNA
sequence guide (gRNA) to specifically pair with the target DNA sequence, and a
nuclease to cleave the DNA, creating double strand breaks (DSB) in specific sites of
the genome (Tu et al., 2015). The most common nuclease used in the CRISPR system
is Cas9, and many studies have been made to increase its performance or to use it for
other purposes. Modified versions of the Cas9 protein have been engineered by
mutating two key amino acid residues within its nuclease domains, generating a
deactivated Cas9 (or dead Cas9, dCas9), an RNA-programmable DNA-binding protein
that lacks endonucleolytic activity, while retaining the capacity to interact with DNA
(Gasiunas et al., 2012, Didovyk et al., 2016). Catalytically inactive Cas9 proteins fused
to transcriptional activation domains (Ads) can be used to control gene expression
(also known as CRISPR activation system, or CRISPRa). The CRISPRa enables Cas9
to serve as a tool for cellular reprogramming at the transcriptional level, leading to a
fully transgene independent reprogrammed cell without persistent expression of
exogenous reprogramming factors (Cheng et al., 2013, Gilbert et al., 2013, Maeder et
al., 2013, Chavez et al., 2015). Several effector candidates with known transcriptional
roles have been tested in mammalian cells, and three different Ads (VP64, p65, and
Rta) showed the most meaningful induction when fused to form a so-called VPR
activator (Chavez et al., 2015, Didovyk et al., 2016). Recently, new nucleases with
better performances have been discovered to improve CRISPR procedures and to
overcome limitations of the CRISPR-Cas9 system (Kim et al., 2016). The Cpfl is a
new discovered smaller endonuclease, similar to Cas9 that also cleaves double-
stranded DNA at the recognition site. However, it only requires a shorter (43
nucleotides) and simpler CRISPR RNA guide (crRNA or gRNA) that consists of a 5'-
handle (20 nucleotides) and a guide segment (23 nucleotides; Li et al., 2018). The
simpler structure of CRISPR-Cpf1 allows it to encode two or more gRNAs in a multiplex
single transcript (MST), which can be processed by the Cpfl RNase activity, enabling
the use of multiple gRNAs at the same time (Zetsche et al., 2017). As dCas9, the
deactivated form of Cpfl (dCpfl) was also successfully used to control gene
expression using VPR activation domains in mammalian cells (Tak et al., 2017).

The CRISPRa system can be used as a new tool to reprogram somatic cells

into pluripotent stem cells (PSCs) by a “non-viral” and “non-integrative” technique, with
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a potential for application in several research fields. As induced PSCs (iPSCs) can
potentially differentiate themselves into all cell types of an organism, such cells provide
a powerful platform to study development, tissue regeneration, disease mechanisms,
gene therapeutic approaches (Colman and Dreesen, 2009, Rossell6 et al., 2009,
Hwang et al., 2011). The IPSCs are also capable of generating cloned offspring
through somatic cell nuclear transfer, as already shown in the production of transgenic
mice (Zhou et al., 2010). Several studies have reported reprogramming of mice and
human cells using CRISPRa (Balboa et al., 2015, Liu et al., 2018, Weltner et al., 2018,
Yang et al., 2019). However, a lack of information exists regarding the efficiency of
CRISPRa in pig cells. The pig has been the most intensively studied farm animal in
genetic engineering due to its organ size and physiology that best resembles the
human organism, thus becoming a valuable model for testing new therapeutic
approaches (Cibelli et al., 2013). Thus, in the present study, we aimed to evaluate and
compare the efficiency of the transcriptional activation approach between dCpfl-VPR
and dCas9-VPR in enabling transient upregulation of reprogramming genes separately
and in combination in porcine somatic cells in culture, and also the ability of CRISPRa
approach to overcome limitations of cell reprogramming and promoting regression of
cell senescence by analyzing expression of specific senescence genes in porcine
somatic cells at advanced passages.
Materials and methods
Cell culture

Pig fetal fibroblast cells derived from fetuses aseptically collected at a local
slaughterhouse were cultured in Dulbecco’s modified Eagle’s medium (DMEM,; Life
Technologies, USA) containing 10% fetal bovine serum (FBS; Life Technologies), 100
IU/mL penicillin, and 100 pg/mL streptomycin (Life Technologies). Medium was
changed every other day and all cells were kept in an incubator at 37°C under 5% CO:
and saturated humidity. Cells were cultured until passage number five to be used for
the first experiment comparing dCas9 and dCpfl. Another group of cells were cultured
until passage 22 for the second experiment involving the induction of cell
reprogramming with dCas9 at late passages.
Guide RNA design and production

The guide RNAs (gRNAs) for the porcine target genes Oct4, Myc, Klf4, Sox2
and Lin28a (OMKSL) were designed based on Weltner et al. (Weltner et al., 2018).
Guide RNAs were designed using Benchling (https://benchling.com/), targeting the
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proximal promoters (-1 kb to +600 bp from transcription start site) of the targets
OMKSL, and the control gRNAs were designed using a GenScript tool
(https://lwww.genscript.com/tools/create-scrambled-sequence) to design scrambled
sequences. Candidate gRNAs for each of the enzymes (Cas9 or Cpfl) were selected
according to their off-target score and position and assembled as previously described
(Fu et al., 2013). Briefly, single guide RNA oligonucleotide duplexes, corresponding to
space sequences with specific overhangs, were annealed and ligated into BsmBI-
digested MLM3636 (SpCas9) or BPK3082 (LbCpfl) plasmids (a gift from Dr. K. Joung,
Addgene numbers 43860 and 78742, respectively; http://www.jounglab.org),
containing U6 promoter and gRNA scaffolds. Plasmids were cloned in competent E.
coli under standard protocols for subsequent extraction and purification (Zyppy
Plasmid Miniprep kit, Zymo Research, USA). Plasmids were digested with BsmBI and
Sall to confirm the insertion of the gRNAs, followed by electrophoresis in 1% agarose
gel. Plasmids with correct band sizes were sequenced to confirm the insertion of the
gRNA. Lists of guide RNA oligonucleotides for SpCas9 and LbCpfl are provided in
Supplemental Tables 1 and 2.
CRISPRa Vectors

Plasmids used to transfect dSpCas9 (Streptococcus pyogenes; SP-dCas9-
VPR, a gift from G. Church, Addgene number 63798) and dLbCpfl (Lachnospiraceae
bacterium; JG1211, a gift from K. Joung, Addgene number 104567) contained VP64-
p65-Rta (VPR) fused to C-terminus of the respective enzymes.
Cell transfection

Around 500.000 pig fetal fibroblast cells were transfected with a total amount of
1 pug DNA per transfection using Amaxa Nucleofector (Lonza, USA). In Experiment 1,
treatment cells at passage 5 were transfected with a total of 400 ng of either dCas9-
VPR or dCpfl1-VPR, 200 ng pmaxGFP (GFP plasmid) and 400 ng gRNAs plasmids,
with 3 to 5 gRNAs from each gene (Oct4, Myc, Klf4, Sox2 or Lin28a; OMKSL) per
transfection. In Experiment 2, treatment cells at passage 22 were transfected with a
total of 400 ng dCas9-VPR, 40 ng pmaxGFP and 560 ng gRNAs plasmids (17 plasmids
in total) for multiple target genes at the same transfection. Control cells were
transfected with the same conditions of each experiment, but with the use of 200 ng of
scrambled gRNAs per transfection. Afterwards, transfected cells in Experiment 1 were
plated on 6-well tissue culture plates in culture medium and cultured for 2 days post-

transfection. In Experiment 2, transfected cells were plated in a 6-well plate at different
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cell concentrations in each well to obtain distinct patterns of cell growth rate, to allow
the gene expression analyses on Days 2 and 17 of cell culture, under the same
conditions as described above. Then, cells were collected for quantitative reverse
transcription PCR (qRT-PCR) analyses for the OMKSL genes in both experiments, and
for p21, p53, TERT and DKC1 genes in Experiment 2, as below.
Quantitative reverse transcription PCR

Total RNA was extracted from cells using the QuinckRNA Microprep kit (Zymo
Research, USA). RNA quality and concentration were measured by spectrophotometry
using Nanodrop ONE (Thermo Fisher Scientific, USA). One microgram of total RNA
was used for cDNA synthesis using the AffinityScript Multiple Temperature cDNA
Synthesis kit (Agilent Technologies, USA). For gRT-PCR reactions, a total of 100 ng
of retrotranscribed RNA was amplified with 5 pL of forward and reverse primer mix at
10 uM each, using the iTaq Universal SYBR Green Supermix (Bio-Rad, USA) for a
final volume of 10 uL. Samples were placed in a 96-well plate that was subsequently
sealed, and the PCR was run in the Thermocycler gTOWER3G (Analytik Jena AG,
USA). The PCR cycles consisted of denaturation step of 30 s at 95°C, followed by 40
cycles of 15 s at 95°C, 64°C for 60 s, and the melting curve step. Relative quantification
of gene expression was analyzed using the 22Ct method, with B-actin as endogenous
control, with the expression levels relative to control cells. A list of primers used is
provided in the Supplemental Table 3.
Statistical analysis

The two experiments were run in duplicates in two independent replicates. The
statistical analysis for comparison of gene expression data between treatment and
control groups, on both experiments, was performed using one-tailed Student’s test for
P<0.05, and between treatment groups in Experiment 1 (dCas9-VPR and dCpf1-VPR)
was performed using two-tailed Student’s test, for P<0.10. Simple linear correlation
and regression analyses were done between the gene expression data and the
proportion of positively fluorescent cells (GFP+) 24 h after co-transfection, for both
experiments.
Results

The sequences and position of the oligonucleotides from the Weltner et al.
(Weltner et al., 2018) study were compared within the pig genome (Sus scrofa
domesticus, Assembly Sscrofall.l) and were designed according to the possible

regulatory region of each gene, as shown in Fig. 1. Different numbers of gRNAs were
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transfected depending on the nuclease (dCas9 or dCpfl) to improve gene activation,

according to previous tests performed by our group (unpublished data).
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Figure 1. Guide RNA designs for Cpfl and Cas9 enzymes and distances from the transcription
start site (TSS) region of each porcine target gene Oct4, Myc, Klf4, Sox2 and Lin28a
(OMKSL).

Experiment 1

Fetal fibroblast cells at passage 5 were transfected to compare the effect of
treatment with dCas9-VPR and dCpf1-VPR to induce expression of the target genes,
related to pluripotency. Both enzymes were chosen based on the literature, with the
Cas9 being a known enzyme commonly used for most CRISPRs experiments thus far,
with favorable results even for transcription activation (Cheng et al., 2013, Gilbert et
al., 2013, Maeder et al., 2013, Chavez et al., 2015), whereas the Cpfl enzyme is
known as a high fidelity enzyme with low off-target rates, being also easier to use with
multiplex gRNAs (Zetsche et al., 2017). The GFP plasmid was co-transfected with the
gRNAs and each of the enzymes to evaluate the efficiency of the procedure and
transfection rates. According with the analysis of GFP signal on each transfection, we
observed that Lin28a had the higher transfection rates in both treatments (87% in the
dCas9 group and 70% in the dCpfl group), following by Myc (73% in the dCas9 group
and 60% in the dCpfl group) and Sox2 (65% in the dCas9 and the dCpfl groups). The
Oct4 had the lowest values in both treatments (30% in the dCas9 group and 35% in
the dCpfl group), following by Klf4 (55% in the dCas9 group and 40% in the dCpfl
group), as presented in Supplemental Table 4.
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Differences were observed regarding the expression of target genes between
control and treatment in both groups (Fig. 2). The Oct4 and Myc were significantly
upregulated in the dCas9-VPR treatment group (P < 0.05), with Lin28a (P = 0.08)
having a trend to be upregulated (Suppl. Table 5). On the other hand, Myc (P = 0.1)
and KIf4 (P = 0.06) showed only a tendency to be upregulated when transfected with
dCpfl-VPR (Suppl. Table 5). Interestingly, after comparing differences between
dCas9-VPR and dCpfl-VPR regarding the expression pattern of target genes, Oct4
and KIf4 showed opposite gene expression regulation depending on the treatment.
While Oct4 was upregulated in the dCas9-VPR group, the same gene in the dCpfl-
VPR group was downregulated (P < 0.05), whereas Klf4 showed a tendency for
upregulation (P = 0.06) with dCpf1-VPR, and downregulation with dCas9-VPR (P <

0.05; Suppl. Table 5).
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Figure 2. Relative expression pattern of target genes Oct4, Myc, KlIf4, Sox2 and Lin28a (OMKSL)
in Experiment 1, shown as the fold change (2-22%) differences between treatment cells
transfected with either the dCas9-VPR (Cas9) or the dCpfl-VPR (Cpfl) enzymes, and
control cells transfected with control gRNAs, as reference. Data represent mean *
standard error of the mean (SEM) from two independent replicates. ¢ P < 0.05.

The other genes had the same pattern of expression in both treatments when

analyzed separately, but when all the genes were analyzed together for each



49

treatment, we could compare them with controls and identified that the overall gene
expression in dCas9-VPR group were higher (fold change of 3.04, P = 0.06) in
comparison with dCpf1-VPR group (fold change of 1.72, P = 0.129, Fig. 3).
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Figure 3. Target genes overall fold changes values for dCas9-VPR (Cas9) and dCpfl-VPR (Cpfl)
treatment groups compared with control group in Experiment 1. Data represent mean +
standard error of the mean (SEM). " P < 0.1.

As the expression of Oct4, Myc, Klf4 and Lin28a genes showed to be activated
after treatments, but with high sample variation, we evaluated whether the gPCR
analysis could have been influenced by the transfection rates. A correlation analysis
was performed with the log2 Fold Change and the transfection rate (GFP+) for the
genes upregulated or with a tendency for upregulation in both treatments (Cas9 or
Cpfl; Suppl. Table 4). A positive correlation was observed (r = 0.838, P = 0.002)
between gene expression levels and transfection rate (proportion of GFP+ cells), with
the regression analysis determining a dependence of the expression pattern on the
transfection rate (adjusted R? of 0.665, Y = 0.045X - 1.15).

Experiment 2

Statistical differences in gene expression were observed between dCas9-VPR
and dCpf1-VPR for Oct4 and KIf4 genes, but we had higher overall fold change values
using the dCas9-VPR treatment than the dCpfl-VPR in Experiment 1 (Fig. 3). Such
was the basis for the use of dCas9-VPR in Experiment 2, which aimed the activation
of the expression of all OMKSL genes at the same time, to attempt to induce partial

cell reprogramming. For that, porcine fetal fibroblasts at late passages were used to
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evaluate the efficiency of the procedure and the transfection rate, which was 30% after
our analysis of the GFP signal. To evaluate the effect of dCas9-VPR gene activation
over time, transfected cells were cultured until Days 2 and 17.

After 2 or 17 days of cell culture, the transfected fibroblast cells were collected
for RNA extraction to perform RT-gPCR. The experiment was run in two independent
runs, in duplicates, but after Day 2, one of the cell culture duplicates did not grow
sufficiently to render samples for the RT-qPCR analyses. Thus, the gPCR analyses on
Day 17 were performed with only one transfection round duplicate (Figs. 4 and 5).
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Figure 4. Relative expression of OMKSL target genes (mean + SEM) in Experiment 2, shown as
the fold change (222 differences between treated cells co-transfected with the dCas9-
VPR enzyme and gRNAs for all target genes, and control cells transfected with control
gRNAs, as reference. Cells were analyzed on Days 2 (d2) and 17 (d17). 2 P < 0.05.
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Significant differences (P < 0.05) were observed in the dCas9-VPR treatment
group compared with the control, as an upregulation of Lin28a and Dkcl and a
downregulation of p53 were observed (Figs. 4 and 5). As expected, better results for
gene activation occurred mostly on Day 2, following a downregulation in almost all
genes on Day 17. As in Experiment 1, the transfection rate in this experiment was also
rather low (30%), which could have influenced the expression level measured by
gPCR, according with the regression analysis made on Experiment 1.
Discussion

The ability to derive pluripotent cells from somatic cells (induced pluripotent
somatic cells, or IPSCs) by reversing the natural differentiation process that occurs
during development has been long explored (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007; Yu et al., 2007). Genome-integrating methods using viral
transduction (mostly lentiviruses and retroviruses) remain gold standard in iPSC
generation, enabling cells to overcome the senescence barrier, but novel methods, the
so-called “non-integrating techniques”, are being extensively developed and evaluated
(Gonzélez et al., 2011, Schlaeger et al., 2015). The modified version of the CRISPR
system, named CRISPR activation (CRISPRa), allows the use of non-viral vectors for
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many purposes, including reprogramming cells (Gonzalez et al., 2011, Gilbert et al.,
2013, Chavez et al., 2015, Konermann et al., 2015, Schlaeger et al., 2015). However,
no study has been made testing the performance of such technology to
transcriptionally activate reprogram-related genes in porcine cells, aiming to evaluate
the best experimental conditions. Due to the lack of information in this field, we aimed
to test and compare the efficiency of gene activation from dCas9-VPR and dCpfl-VPR
and finally to test the performance of CRISPRa to alter transcription of downstream
genes related to reprogramming of porcine cells in culture.

When comparing the efficiency of transcription activation between dCas9-VPR
and dCpfl-VPR in the first experiment, we found that dCas9 was able to upregulate
Oct4 and Myc and had better overall results with higher fold change values compared
with dCpfl (dCas9 fold change mean of 3.04, dCpfl fold change mean of 1.72; Fig. 3).
The best performance observed with dCas9 was also related with the lower number of
gRNAs (Fig. 1) that was necessary to obtain a higher fold change increase compared
with the control group. With dCas9, only three gRNAs were needed to upregulate Myc,
while five gRNAs were needed when using dCpfl to observe a trend for upregulation.
It was interesting to note that for Oct4 and Klf4 the effect of dCas9 and dCpfl in gene
regulation was the opposite (Fig. 2), and depending on treatment, the genes were
downregulated. The unexpected event of gene repression using CRISPRa was also
reported by other authors, who showed a potential of gRNAs to modulate gene
expression depending on the position related to the promoter sequence (Farzadfard et
al., 2013, Deaner et al., 2017). Those authors observed that when using dCas9-VPR
with gRNAs targeting sites in close proximity with TATA box and TSS, the targeted
genes were downregulated, likely due to interference of elements of such system with
the transcriptional initiation complex (Kuras and Struhl, 1999, Deaner et al., 2017,
Jensen, 2018). Indeed, in our experiment, the gRNAs used with dCpfl-VPR to target
Oct4 and dCas9-VPR for Klf4 were closer to the TSS site, which could have promoted
the observed downregulation (Suppl. Table 1 and 2).

We also noticed a higher variation in gene expression between samples, which
likely influenced the gPCR results by the distinct proportion of transfected cells per
treatment. In such case, even if a particular gene was overexpressed after exposure
to CRISPR activators, the gene expression pattern of the non-transfected cells likely
masked the real results by lowering the overall gene expression. In spite of that, we

still had statistical upregulation of genes using dCas9 in Experiment 1, as described



53

above, but only a trend of upregulation for Myc and Kilf4, using dCpfl and for Lin28a
with dCas9, which could be confirmed statistically at higher transfection rates, also
reducing the expression variability observed between samples. This inference is based
on a closer analysis of the higher fold difference values between treatment and control
groups observed for the Myc and Lin28a genes in dCas9-VPR group (Fold Change >
3; Fig. 2), which had higher co-transfection efficiency (GFP+ > 60%; Suppl. Table 4),
confirmed by the correlation and regression analyses.

The fact that Myc was upregulated with high fold-change using dCas9-VPR
shows the potential of this system to promote reprogramming in porcine cells, since
Myc is a central hub gene involved in multiple mechanisms for maintenance of
pluripotency, exerting its function to induce reprogramming since early stages of this
process (Mikkelsen et al., 2008, Sridharan et al., 2009, Fagnocchi and Zippo, 2017).
Myc binding has been associated with activation of its target genes and interaction with
transcriptional co-activators, accomplished through the recruitment of chromatin
modifying factors (such as histone acetyltransferases), mediating early global
epigenetic changes (Cole and Nikiforov, 2006, Zippo et al., 2007, Zippo et al., 2009).
One of the mechanisms of Myc to support pluripotency is by limiting the expression of
microRNAs from let-7 family, which promotes cell differentiation (Fagnocchi and Zippo,
2017). The inhibition occurs through Myc directly binding the microRNAs or by
transcriptionally inducing its target LIN28A, that is a known let-7 repressor ( Chang et
al., 2008, Chang et al., 2009, Dangi-Garimella et al., 2009, Melton et al., 2010, Zhong
et al., 2010, Fagnocchi and Zippo, 2017). Furthermore, in other studies, the
overexpression of Lin28a combining with the Yamanaka factors (OMKS) was able to
promote the reprogramming of human fibroblast cells into self-renewing iPSCs,
suggesting that Lin28a is critical to pluripotent stem cell self-renewal (Hanna et al.,
2009, Shyh-Chang and Daley, 2013). In the first experiment, the higher fold value
observed for Lin28a (Fold Change = 9.4; Fig. 2) could also have been influenced by
Myc upregulation, and since both are important to maintain cell pluripotency, the
dCas9-VPR system could be advantageous to induce reprogramming in porcine
fibroblast cells.

In Experiment 2, we aimed to test whether the dCas9-VPR system could
promote multiple gene activations, and perhaps, induce downstream molecular events
leading to partial cell reprogramming, since we obtained favorable results after single

gene activations in Experiment 1. For that, a combination of various plasmids was
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transfected into cells, which could be related to the low transfection rate (Suppl. Table
4). In addition, low moiety amounts of each gRNA plasmid was transfected for all
genes, as a higher concentration, as performed in Experiment 1, could be detrimental
to cells. Consequently, the OMKSL gene expression levels were anticipated to be
lower than in Experiment 1, as observed on Days 2 and 17 (Fig. 4). The interference
of a combination of a large number of gRNAs was already described by Kurata et al.
(Kurata et al., 2018) to lower the efficiency of CRISPR system using Cas9 in HEK293T
cells. Interestingly, and in spite of that, significant expression effects (P < 0.05) were
observed for the target gene LIN28A and for DKC1 and p53, reprogramming-related
genes (Figs. 4 and 5).

The p53-p21 gene pathway is important to trigger the expression of a network
of downstream targets, leading to activation of several cellular responses that can
suppress proliferation, promote differentiation, cell cycle arrest and the shortening of
telomers, leading to cell senescence (Lin et al., 2012). Such downstream events occur
in part, by the effects of p53 binding to target genes, as Tert and p21. In cells at late
passages that already initiated a process of senescence, the expression of p53 has
been shown to be usually high, leading to the transactivation of p21, contributing to
cellular senescence (Kanaya et al., 2000, Lai et al., 2005). In our study, a p53
downregulation was observed in treated cell, but no significant differences were
detected between the control and the treatment groups for neither p21 nor Tert. The
low p53 expression levels in treated cells could be a consequence of an initial mild cell
reprogramming response, which in fact would be the first target of the process, failing
to trigger a p21 downregulation later on, which could explain the fact that p21 was not
different from control on Day 2 (Fig. 5).

Reprogrammed cells have a reactivation of the telomerase activity, as an initial
reprogramming event, by upregulation of telomerase-related genes to lengthen the
telomers (Agarwal et al., 2010). Although the Tert mean mRNA expression level was
higher, no statistically significance was detected (Fig. 5). However, the Dkcl, another
telomerase associated protein, responsible for the assembling and stabilization of
telomerase (Ly, 2011, Marrone and Mason, 2003), was upregulated in treated cells on
Day 2 (Suppl. Table 6). Other studies observed a correlation between Tert and Dkcl
MRNA expression in iPSC derived from porcine and in human tumor cells (Ji et al.,
2013, Gahgkan Can et al., 2017). We infer that the conditions of our experiment could

have influenced and masked the expression results, since the fold change value for
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Tert was higher in treat cells than in controls, being similar to values observed for the
Dkcl gene. The same occurred with Myc, that had higher fold change values in treated
cells, albeit not statistically upregulated, differently to what was observed in Experiment
1 when dCas9-VPR was used to induce single gene activation. It is important to
mention that Myc is one of the genes described to promote reactivation of telomerase
activity, promoting epigenetic modulations in the chromatin to induce the transcription
of Tert and associated genes (Wu et al.,, 1999, Patel et al., 2016), becoming an
important gene to overexpress when the goal is to attain cellular reprogramming.
Conclusion

Generally, the CRISPR activation system used in this study was efficient to
significantly induce the overexpression of single target genes in porcine fibroblast cells
but failed to effectively activate multiple genes concomitantly under the conditions of
our experiments. The results observed in Experiment 2 could have been attributed to
either the rather low transfection efficiency and/or the low concentration of combined
gRNAs used in the co-transfection of cells. Perhaps the use of polycistronic plasmids,
with the combined sequences of gRNAs within the same plasmids, could result in more
pronounced expression differences in the target genes, due to higher moieties of each
gRNAs acting upon transfection. Thus, as expected, the reprogramming effects on
porcine cells were not readily detected, even though downstream events, such as p53
downregulation and Dkcl upregulation, were observed. We suggest that the CRISPR
activation system can promote partial cell reprogramming, first by overexpressing Myc
and Lin28a, leading to transcriptionally activation of its related genes (Tert and Dkcl).
At the same time, the downregulation of p53 may promote the suppression of p21, as
a downstream effect. Moreover, dCas9-VPR showed higher levels of transcriptional
activation efficiency on target genes than dCpfl-VPR in porcine fibroblast cells, but the
advantages of multiplexing gRNAs with Cpfl for multiple gene activation still needs to
be further investigated.
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Suppl. Table 1. Sequence of guide RNA oligonucleotides for SpCas9 enzyme and its
position downstream or upstream (+) from transcription start site
(TSS) of each target gene.

Primers gRNAs Cas9 5'-3'

SOX2 Primer Sequence TSS (bp)
1 F ACACCTCATGCAAAACCCGGCCGCGG 531
R AAAACCGCGGCCGGGTTTTGCATGAG
2 F ACACCACTTCCTTCGAAAAGGCGTGG 697
R AAAACCACGCCTTTTCGAAGGAAGTG
3 F ACACCCGGCCCGCAGCAAACTTCAGG 55+
R AAAACCTGAAGTTTGCTGCGGGCCGG
4 F ACACCCGGGAGCGCAGAGCTCCGCGG 130
R AAAACCGCGGAGCTCTGCGCTCCCGG
KLF4
1 F ACACCGCTGCTATGGCAACGCGCGGG 166
R AAAACCCGCGCGTTGCCATAGCAGCG
2 F ACACCTATAAGTAAGGAGCGCGCGGG 40
R AAAACCCGCGCGCTCCTTACTTATAG
3 F ACACCGCGCTGATCTGCGGACTGGGG 190+
R AAAACCCCAGTCCGCAGATCAGCGCG
MYC
1 F ACACCTTTATAGGCGAGGGTCTGCGG 593
R AAAACCGCAGACCCTCGCCTATAAAG
2 F ACACCTCCCGGGTTCCCAAAGCCGAG 670
R AAAACTCGGCTTTGGGAACCCGGGAG
3 F ACACCGCGCGCGCAGTTAATTCATGG 811
R AAAACCATGAATTAACTGCGCGCGCG
OCT4
1 F ACACCGTGGGAGAAACTGAGGCGGAG 77
R AAAACTCCGCCTCAGTTTCTCCCACG
2 F ACACCGTACGGAATGGAAGCCCGTGG 544
R AAAACCACGGGCTTCCATTCCGTACG
3 F ACACCGTGGAATCTAATAGGCTGGGG 501
R AAAACCCCAGCCTATTAGATTCCACG
4 F ACACCCCGGGGGCCCAGTAAAACCAG 70+
R AAAACTGGTTTTACTGGGCCCCCGGG
LIN28A
1 F ACACCCTAAGAAGTCTTGAGTACCCG 408
R AAAACGGGTACTCAAGACTTCTTAGG
2 F ACACCATGTATAATTATCTGCACGGG 562
R AAAACCCGTGCAGATAATTATACATG
3 F ACACCTGTCAGAGACTGCAGTGGTGG 278
R AAAACCACCACTGCAGTCTCTGACAG
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Primers control gRNAs Cas9 5'-3'

SOX2_Ctr Primer Sequence
1 F ACACCGTCCGTCGTAGTATACGCAAG
R AAAACTTGCGTATACTACGACGGACG
KLF4 Ctr
1 F ACACCGTGCGGTCGTACGGCGCACAG
R AAAACTGTGCGCCGTACGACCGCACG
MYC_Ctr
1 F ACACCGGCGCGTTAAGGTTGTAGTCG
R AAAACGACTACAACCTTAACGCGCCG
OCT4_Ctr
1 F ACACCAGGAGGCGCGTAAGGTAAGG
R AAAACCTTACCTTACGCGCCTCCTG
LIN28A_Ctr
1 F ACACCATTGCGTAATCGTCACCGAAG
R AAAACTTCGGTGACGATTACGCAATG
F-forward

R-reverse
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Suppl. Table 2. Sequence guide RNA oligonucleotides for LbCpfl enzyme and its
position downstream or upstream (+) from transcription start site
(TSS) of each target gene.

Primers gRNAs Cpfl 5'-3'

SOX2 Primer Sequence TSS
(bp)
1 F AGATATGCAAAACCCGGCCGCGAG 529
R AAAACTCGCGGCCGGGTTTTGCAT
2 F AGATCCCACTTCCTTCGAAAAGGC 700
R AAAAGCCTTTTCGAAGGAAGTGGG
3 F AGATCATGAAAGGGGGCGGGGCCT 546
R AAAAAGGCCCCGCCCCCTTTCATG
4 F AGATCTGCGGGCCGGGCGGCTTCA 25+
R AAAATGAAGCCGCCCGGCCCGCAG
KLF4
1 F AGATGCTGCTATGGCAACGCGCGG 166
R AAAACCGCGCGTTGCCATAGCAGC
2 F AGATCGCCCTAGAGAAGAGCGCGA 490
R AAAATCGCGCTCTTCTCTAGGGCG
3 F AGATCAGCCAAGTCCCTTCGGTGG 1001
R AAAACCACCGAAGGGACTTGGCTG
4 F AGATCCCCCTCTTCGTTGACTGGG 520+
R AAAACCCAGTCAACGAAGAGGGGG
MYC
1 F AGATTAGGCGAGGGTCTGCGCGGC 589
R AAAAGCCGCGCAGACCCTCGCCTA
2 F AGATGGAACCCGGGAGGGGCGCTT 679
R AAAAAAGCGCCCCTCCCGGGTTCC
3 F AGATAGCGGGAGCAAAAGAAAATG 835
R AAAACATTTTCTTTTGCTCCCGCT
4 F AGATTTTTTCCCCCCGCCCTCGGC 655
R AAAAGCCGAGGGCGGGGGGAAAAA
5 F AGATAGCACAAGGGACCAGTATGC 911
R AAAAGCATACTGGTCCCTTGTGCT
OCT4
1 F AGATGCCCTCCAGACACCACCGCC 115
R AAAAGGCGGTGGTGTCTGGAGGGC
2 F AGATTCCCACCCCCACCGACCCCT 63
R AAAAAGGGGTCGGTGGGGGTGGGA
3 F AGATCGGGTTCCGGGGCCTCCCTT 571
R AAAAAAGGGAGGCCCCGGAACCCG
4 F AGATACTGGGCCCCCGGCTTGGGG 77
R AAAACCCCAAGCCGGGGGCCCAGT
LIN28A
1 F AGATCCTCAGGCTCCAGCTCTGGC 250




65

AAAAGCCAGAGCTGGAGCCTGAGG

R
2 F AGATAAGCCACGTGACTGCTCCCA 515
R AAAATGGGAGCAGTCACGTGGCTT
3 F AGATGGGACCCCCATTGAGTCCTT 451
R AAAAAAGGACTCAATGGGGGTCCC
4 F AGATTCCCTTGACAGGTGGTTTGT 637
R AAAAACAAACCACCTGTCAAGGGA
5 F AGATCCTCCGGACTTCTCTGGGGC 69
R AAAAGCCCCAGAGAAGTCCGGAGG
Primers control gRNAs Cpfl 5'-3'
SOX2_Ctr Primer Sequence
1 F AGATGAACGCGCTAGACAGCACGC
R AAAAGCGTGCTGTCTAGCGCGTTC
KLF4_Ctr
1 F AGATGGCCGCTAGAGCGTCGCGAT
R AAAAATCGCGACGCTCTAGCGGCC
MYC_Ctr
1 F AGATGTCGGCGCATAGGTGCGCGG
R AAAACCGCGCACCTATGCGCCGAC
OCT4_Ctr
1 F AGATACCGCCACCGTACCGCCACC
R AAAAGGTGGCGGTACGGTGGCGGT
LIN28A_Citr
1 F AGATACCTTCCGACCGTTCGGCCG
R AAAACGGCCGAACGGTCGGAAGGT
F-forward

R-reverse
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Gene Primer Sequence
SOX2 F ACAGCTACGCGCACATGAAT
R CGAGCTGGTCATGGAGTTGT
KLF4 F GCCAAACTACCCACCCTTCC
R TGGCATGAGCTCTTGGTAATGG
MYC F AGCGACTCTGAGGAGGAACA
R TTCCGACCTTTTGGCAGGGG
OCT4 F CTCGGGCTAGAGAAGGATGTG
R CCTCTCGTTGCGAATAGTCACT
LIN28A F CCAAGGGAGACAGGTGCTAC
R CTTCCCGAAAGTAGGCTGGC
p21 F ACCATGTGGACCTGTTGCTGT
R AGAAATCTGTCATGCTGGTCTGCC
p53 F GGAACAGCTTTGAGGTGCGTGTTT
R AATACTCGCCATCCAGTGGCTTCT
DKC1 F ACATGGTGACGATGCATGATGTGC
R ATGGCATTGACCGCACTGTCTTTC
TERT F GAAAGCCAGAAACGCAGGGAT
R CCCAGAAGACAGCTGTAGGTAACG
Actin F TTCTGCATCCTGTCGGCGAT
R TGCGGCATCCACGAAACTAC
GFP F AAGCTGACCCTGAAGTTCATCTGC
R CTTGTAGTTGCCGTCGTCCTTGAA
F-forward

R-reverse
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Suppl. Table 4. Fold Change (FC), log2 Fold Change (Log2FC), and the % of GFP+
cells (GFP %) for each gene in both treatment groups in Experiment

1.
Treatment Gene FC (= SE) Log2FC GFP %
LIN28A 13.524 3.757 87
5.288 2.402
MYC 3.303 1723 73
2.828 1.500
OCT4 1.562 0.643 30
dCas9-VPR 1.311 0.391
SOX2 1.012 0.018 65
0.805 -0.312
KLF4 0.543 20.878 55
0.302 -1.724
MYC 6.880 2.782 60
2.690 1.427
KLF4 1.206 0.270 40
1.084 0.116
LIN28A 2113 1,079 70
dCpfl-VPR 0.763 -0.390
SOX2 0.976 20.033 65
0.695 -0.523
OCT4 0.510 20.968 35
0.282 -1.821

SE — Standard Error
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Suppl. Table 5. Relative expression patterns of target genes Oct4, Myc, Klf4, Sox2

and Lin28a (OMKSL) in Experiment 1, shown as the fold change (2
AACYH differences between pig fetal fibroblast cells transfected with
either the dCas9-VPR (Cas9) or the dCpfl-VPR (Cpfl) enzymes, and
control cells transfected with control gRNAs (Ctr), as reference.

Gene Enzyme Crfg:%e SEM Comparison P value
Cas9 1.436 0.125 Ctr-Cas9 0.036
OCT4 Cpfl 0.396 0.114 Ctr-Cpfl 0.016
Cas9-Cpfl 0.025
Cas9 3.065 0.237 Ctr-Cas9 0.006
MYC Cpfl 4.785 2.095 Ctr-Cpfl 0.106
Cas9-Cpfl 0.500
Cas9 0.423 0.120 Ctr-Cas9 0.020
KLF4 Cpfl 1.145 0.060 Ctr-Cpfl 0.069
Cas9-Cpfl 0.033
Cas9 0.909 0.103 Ctr-Cas9 0.236
SOX2 Cpfl 0.836 0.140 Ctr-Cpfl 0.182
Cas9-Cpfl 0.717
Cas9 9.406 4,118 Ctr-Cas9 0.088
LIN28A Cpfl 1.438 0.675 Ctr-Cpfl 0.291
Cas9-Cpfl 0.196

SEM — Standard Error of the Mean
Ctr — Control group (Fold Change = 1)
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Suppl. Table 6. Relative expression patterns of target genes Oct4, Myc, Klf4, Sox2
and Lin28a (OMKSL) in Experiment 2, shown as the fold change (2
AACYH differences between pig fetal fibroblast cells transfected with
dCas9-VPR, and control cells transfected with control gRNAs (Ctr),
as reference, on Days 2 (d2) and 17 (17) post-co-transfection.

Gene Day Fold Change SEM Comparison P value
2 0.627 0.104 Ctr-d2 0.035
ocT4 17 0.268 0.123 Ctr-d17 0.013
MYC 2 1.329 0.268 Ctr-d2 0.171
17 0.721 0.081 Ctr-d17 0.038
KLE4 2 0.648 0.149 Ctr-d2 0.071
17 0.868 0.106 Ctr-d17 0.171
SOX2 2 0.836 0.078 Ctr-d2 0.086
17 0.614 0.054 Ctr-d17 0.009
2 5.817 0.597 Ctr-d2 0.007
LINZ8A 17 0.136 0.049 Ctr-d17 0.001
21 2 1.090 0.190 Ctr-d2 0.341
P 17 0.670 0.204 Ctr-d17 0.124
53 2 0.387 0.057 Ctr-d2 0.004
P 17 0.533 0.068 Ctr-d17 0.010
TERT 2 1.533 0.368 Ctr-d2 0.142
17 0.714 0.125 Ctr-d17 0.075
DKC1 2 1.402 0.101 Ctr-d2 0.029
17 0.667 0.171 Ctr-d17 0.096

SEM — Standard Error of the Mean
Ctr — Control group (Fold Change = 1)
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Abstract

This study aimed to evaluate in vitro survival and developmental outcome of IVP bovine
embryos after cytoplasmic microinjection (MI) of CRISPR/Cas9 system and DNA
templates at the 1-cell stage embryo, targeting the safe harbor loci (SHL) H11 and
Rosa26. Bovine COCs from slaughterhouse ovaries were in vitro matured for 20 h and
fertilized for either 8 h (treatment groups) or 18 h (Intact Group). Groups of presumptive
zygotes were partially denuded by pipetting 8 h post-fertilization (hpf), and then
segregated into treatment groups: Semi-denuded (Semi), non-Ml control; MI with
CRISPR/Cas9; and SHL groups, targeting either the H11 or the Rosa26 loci, Ml with
CRISPR/Cas9, gRNA for each SHL, and one of two doses of repair oligonucleotide
templates (5 ng/uL or 20 ng/uL). Embryos were in vitro cultured up to the blastocyst
stage. Post-MI survival rates (D1), cleavage (D2) and blastocyst (D7) rates were
compared by the Chi-square test (P<0.05). Survival was not affected by the injection
of the CRISPR/Cas9 system, the doses, or the target loci, although the partial cumulus
cells removal at 8 hpf, or the microinjection of donor oligonucleotides and the
CRISPR/Cas9 system reduced development to the blastocyst stage in comparison to
controls, being lower than 20% in most groups (Intact, 31.6%; Semi, 22.8%;
CRISPR/Cas9, 23.9%; Oligo templates, 15.7%), irrespective of the injected dose or
the targeted locus. In conclusion, the microinjection with repair templates and
CRISPR/Cas9 system is feasible for homologous recombination experiments in bovine
preimplantation IVP embryos, despite the reduction in embryo development.

Keywords: Homologous recombination; CRISPR system; bovine embryo



73

Introduction

Since the development of recombinant DNA technology in the last century,
major steps have been taken in the areas of biotechnology and biomedicine. The
animal platform, based on the use of transgenic animals as bioreactors for production
of recombinant proteins for therapeutic purposes, is considered one of the greatest
innovations in the biotechnology and pharmaceutical industry (Houdebine, 2009). In
this context, the development of genetically modified organisms (GMOs) emerges as
a key component in the search for improvements in the production process, offering
attractive possibilities, such as low production cost and high productivity and quality of
recombinant proteins (Bertolini et al., 2016).

Despite the success of transgenics in large animal species, we are still far from
an ideal situation, since many events during this process cannot yet be completely
controlled. Normally, transgenes are integrated at random sites in the genome so the
expression may vary and be altered due to position effects, such as transgene
silencing (Chi et al., 2019). One option to assist in solving part of the problems related
to development of transgenic animal founders is to direct the insertion of the transgene
(known as knock-in, Kl) to specific sites into the genome less prone to silencing, known
as safe harbor loci (SHL). Transgene Kl into SHL can ensure good gene expression
and secretion of recombinant proteins, as already demonstrated in mice and pigs
(Maruyama et al., 2015; Ruan et al., 2015). Recent advances in the development of
tools for genome editing, such as the clustered regularly interspaced short palindromic
repeat/associated protein 9 nuclease system (or CRISPR/Cas9 system; Jinek et al.,
2012), can be used to genetically modify cells in culture and even allows direct embryo
editing (Cong et al., 2013; Hai et al., 2014; Navarro-Serna et al., 2020; Yoshimi et al.,
2021). The CRISPR/Cas9 system have led to a revolution in genetic engineering in
large animals, allowing site-directed changes in the genome to be made relatively
easily, by homology-directed repair (HDR) through homologous recombination (HR),
minimizing the possibility of undesirable effects, such as gene silencing (Sander and
Joung, 2014; Navarro-Serna et al., 2020). However, as the efficiency of transgene Kl
by HR in embryos is still low (Ran et al., 2013), several methods have been under
investigation to improve it. Recently, studies have focused on different designs and
optimal lengths of the repair donor oligonucleotides templates to increase HDR rates
in early embryos, such as the use of double-stranded donor templates with 3’

overhangs and asymmetric single-stranded donor templates, that improved the
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integration of long DNA sequences and a single nucleotide substitution in human cells,
respectively (Liang et al., 2017; Richardson et al., 2016). Nevertheless, the impact of
the use of the CRISPR/Cas9 system for the KI by HDR of such different oligonucleotide
donor templates in early bovine embryos on subsequent in vitro embryo development
and KI efficiency is still ill defined. Therefore, the aim of this study was to evaluate the
effect of the cytoplasmic microinjection of 1-cell bovine IVP embryos with the
CRISPR/Cas9 system and donor repair oligonucleotides for the KI by HR into bovine
SHL on embryo viability and on in vitro embryo developmental outcome.
Materials and Methods

Chemicals and reagents were from Sigma Chemical Company (Sigma-Aldrich,
St. Louis, MO, USA), unless stated otherwise.
Orthologous sequence identification and guide RNA (gRNAs) design

The orthologous sequence of bovine H11 (bH11) locus was identified based in
the alignment of the bovine genome with the previous described sequences from mice
(Tasic et al., 2011), humans (Zhu et al., 2014) and pigs (Ruan et al., 2015), using the
BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The bovine ROSA26 sequence
(bRosa26) was previously described by Tan et al. (2013) and confirmed by sequence
alignment with the mouse (Casola, 2010), rat (Kobayashi et al., 2012) and human (Irion
et al., 2007) genomes. Then, sgRNAs were designed according to the bROSA26
(sgRosa26, 5-CACCGTATTATTTCTTAAACTCCT-3') or bH11 (sgH11, 5'-
CACCGTAGCCATAAGACTACCTAT-3’) locus sequences, using the ZiFiT online
software at http://zifit.partners.org/ZiFiT/ (Suppl. Table 1). Oligonucleotides were
annealed and cloned into the pX458 vector (Addgene, #48138, USA) at the Bbsl
restriction site, then in vitro transcribed using the MEGAshortscript™ T7 Transcription
Kit (Invitrogen, USA) and purified by ethanol precipitation, following the manufacturer’s
recommendation.
Donor Repair Oligonucleotides Design

Four distinct donor repair oligonucleotide templates (hamed SST, SSNP, SSP,
and DS; Suppl. Table 2) were designed according to Liang et al. (2017), with homology
to either the bROSA26 or the bH11l locus. One symmetric sense single-stranded
oligonucleotide (SST) donor template for HR was designed with a restriction enzyme
site (Kpnl) positioned at the center of the oligo, flanked by 47 nucleotides on each side
(both HR arms). Two asymmetric single-stranded oligonucleotide donor templates

were designed with 30 nucleotides for HR placed on the left arm and 67 nucleotides
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on the right arm, both flanking the Kpnl restriction enzyme site. The asymmetric
oligonucleotide templates were differentiated by the target strand, with homology to
the sense (corresponding to the strand having the PAM sequence, SSP) or the
antisense (corresponding to the non-PAM strand, SSNP) strand, considering the Cas9
specific SHL targeting sequences. One double-stranded donor oligonucleotide (DS)
template for HR was designed with single-stranded overhangs and with an insertion
element, such as a FLAG tag at the 3’ end (with 31 nucleotides), corresponding to the
sites for five distinct restriction enzymes (Bglll, Blpl, Kpnl, Xbal and EcoRl), and the
respective homology arms at the opposite ends (with 30 nucleotides). Once annealed,
at 95°C for 3 min, the tag was within the dsDNA region and the homology arms were
single-stranded.

In vitro production (IVP) of bovine embryos

Twenty-two independent replicates for the in vitro production (IVP) of bovine
embryos were performed by in vitro fertilization, following our established procedures
(Ribeiro et al., 2009; Gerger et al., 2017; Campagnolo et al., 2020), in seven replicates
for Experiment | (H11, 5 ng/uL), five for Experiment Il (Rosa26, 5 ng/uL), five for
Experiment Il (H11, 20 ng/pL) and five for Experiment IV (Rosa26, 20 ng/uL).

In vitro maturation (IVM)

Bovine ovaries were obtained from a regional slaughterhouse and transported
to the laboratory in saline solution (0.9% NacCl; 30°C). Cumulus—oocyte complexes
(COCs) were aspirated from 3- to 8-mm follicles using a 5-mL syringe coupled to an
18 G needle. A total of 5,389 grades 1 and 2 bovine COCs were selected based on
Stojkovic et al. (2001), and groups of 15 to 20 COCs were in vitro-matured (IVM) for
20 h into 100 pL microdrops of IVM medium under mineral oil at 38.5°C, 5% COzin air
and saturated humidity. The IVM medium was composed of TCM-199 with Earle’s
salts, L-glutamine and HEPES, 0.2 mM sodium pyruvate, 26.1 mM sodium
bicarbonate, 10% heat-inactivated fetal bovine serum (FBS), supplemented with 5
IU/mL FSH-p (Folltropin, Bioniche, USA), 10 IU/mL hCG (Chorulon, Intervet, Inc.,
USA), and 1 mg/mL 17-B estradiol. A solution containing 10° IU/mL sodium penicillin,
10 mg/mL streptomycin sulfate, and 25 mg/mL amphotericin B (GIBCO-BRL, Life
Technologies, Grand Island, NY, USA) was added to the medium (1:100).

In vitro fertilization (IVF)

Procedures for in vitro sperm capacitation and IVF were based on Parrish et al.

(1986), modified by Ribeiro et al. (2009), Gerger et al. (2017) and Campagnolo et al.
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(2020). Frozen—thawed bovine sperm cells were segregated by Percoll® gradient with
Sperm-TALP medium. Following IVM, groups of 15 to 20 COCs were co-cultured with
capacitated sperm cells, in 50 uL microdrops of IVF-TALP medium, under mineral olil,
at an insemination dose of 5.000 viable sperm cells/COC, at 38.5°C, 5% CO2 and
saturated humidity. Manipulated/microinjected presumptive zygotes were partially
denuded (semi-denuded) by pipetting 8 h post-fertilization (hpf), whereas Control
(intact, non-manipulated, non-microinjected) presumptive zygotes were completely
denuded 18 hpf.

Cytoplasmic Microinjection (MI)

Zygote cytoplasmic microinjection followed procedures according to
Campagnolo et al. (2020). Semi-denuded 1-cell stage bovine IVP embryos were
allocated to microdrops with HEPES-buffered M-199 and 10% FBS supplemented with
5 pg/mL cytochalasin B, under mineral oil. Microinjection was performed using a
microinjector apparatus (Femtojet 4i, Eppendorf, Germany) coupled to a
micromanipulator. The injected volume into each zygote per group (microinjection
mixes described below) was approximately 15 pL (1.5% of the total volume of the
zygote). Embryo survival rate was assessed 24 h after microinjection, with the removal
of lysed structures from each group.

Embryo in vitro culture (IVC)

After cytoplasmic microinjection, structures from all five microinjected groups
(below) and the non-injected groups (Intact Control group and Semi-denuded non-
injected Control group) were in vitro-cultured (IVC) into four-well dishes containing 450
uL of modified SOF culture medium (Holm et al., 1999), supplemented with 1.5 mM D-
glucose and 5% FBS. Structures were cultured in the foil bag system, at 38.5°C,
saturated humidity and 5% COz2, 5% O2 and 90% N2 up to the blastocyst stage on Day
7 of development. Cleavage and blastocyst rates were determined on Days 2 and 7 of
development (IVF=Day 0), respectively.

Experimental Design

Zygotes were segregated into two control groups and five treatment groups for
Kl experiments by HR. The IVP control groups were as follows: (a) Intact (non-
manipulated, non-microinjected) control group, composed of COCs subjected to IVF
for a period of 18 h prior to total cumulus cell removal and IVC; and (b) Semi-denuded
(manipulated, non-microinjected) control group, which was composed of presumptive

zygotes that were partially denuded 8 hpf, followed by IVC. The treatment groups were
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comprised of presumptive zygotes that were partially denuded 8 hpf, followed by
cytoplasmic microinjection and IVC (Fig. 1A). Treatment groups were microinjected
with different combinations of the ribonucleoprotein (RNP) of the CRISPR/Cas9
system and/or one of the four oligonucleotide donor templates for either the bH11 or
the bROSAZ26 locus, as follows: (c) CRISPR/Cas9 group, a microinjection RNP control
group containing zygotes microinjected with 30 ng/uL of Cas9 protein (GeneArt™
Platinum™ Cas9 Nuclease; Invitrogen, USA) and a guide RNA (20 ng/uL) in Tris-EDTA
(TE) solution for one of the SHL, with no oligonucleotide templates; and zygotes
microinjected with RNP (30 ng/uL of Cas9 protein and 20 ng/uL of guide RNA) in TE
solution for one of the SHL and either 5 ng/uL or 20 ng/uL of the (d) DS; (e) SSNP; (f)
SSP or (g) SST oligonucleotide donor templates targeting either the bH11 or the
bRosa26.

(A) (B)

Experiment |

In vitro Fertilization

* RNP (H11) + Oligos 5 ng/uL (7 replicates)

Experiment Il

* RNP (Rosa26) + Oligos 5 ng/uL (5 replicates)

l l Experiment 11l

* Semi-denuded (Non-Microinjected) « Intact (Non-Manipulated, Non- * RNP (H11) + Oligos 20 ng/pL (5 replicates)
* CRISPR/Cas9 (Microinjected Control) microinjected)
* Oligo Templates (Microinjected Treatment)

Experiment IV

* RNP (Rosa26) + Oligos 20 ng/uL (5 replicates)

Figure 1. Scheme of Experimental Design. A: Zygote groups based on denuding time
after FIV. B: Treatment groups of microinjected zygotes segregated into experiments
1to 4.

Four experiments were performed, according to the injected dose of the
oligonucleotides and the target loci (Fig. 1B). In Experiments | and 11l (bH11), zygotes
were microinjected with RNP and 5 ng/uL or 20 ng/uL, respectively, of donor repair
oligonucleotides (DS, SSNP, SSP, and SST) for the bH11 locus. In Experiments Il and
IV (bRosa26), zygotes were microinjected with RNP and 5 ng/uL or 20 ng/uL,
respectively, of donor repair oligonucleotides (DS, SSNP, SSP, and SST) for the
bRosa26 locus. In all experiments, the IVP control groups were used to compare the

overall efficiency of the IVP procedures (Intact group) and the effect of the partial
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cumulus cell removal at 8 hpf on embryo development (Semi-denuded group). In
Experiments | and Il (5 ng/uL), the CRISPR/Cas9 MI control group was used to
compare the effect of MI with RNP (gRNA and Cas9 protein) on subsequent embryo
development. In Experiments Il and IV (20 ng/uL), the CRISPR/Cas9 MI control group
was not included due to the limited number of structures available in each replication.
Data analyses

Post-MI survival rates (D1), cleavage (D2) and blastocyst (D7) rates, and
comparative overall efficiency were compared between groups by the Chi-square test
(P < 0.05). Blastocysts from each group were individually collected for genomic studies
on the KI efficiency (pending analyses).
Results
Survival Rates after Cytoplasmic Microinjection

Survival rates after the cytoplasmic microinjection of 1-cell stage IVP embryos
between groups is presented in Table 1. Survival rates were similar between the
microinjected control groups in all experiments, also not differing from most of the
treatment groups, except for the SSP group in Experiment | (H11, 5 ng/uL, 81.9%),
which had a significant lower survival rate (75.8%). Such information demonstrated
that the target locus and the oligonucleotide design and doses did not affect survival
rates following cytoplasmic microinjection.
Cleavage and Blastocyst Rates

Table 2 displays cleavage rates of IVP bovine embryos between control and
treatment groups. Mean cleavage rates for the Intact control group was 67% and for
the Semi-denuded and MI control groups were 60%. Treatment groups in Experiments
[, I, Nl and IV attained mean cleavage rates of 60.0%, 58.6%, 51.8% and 61.5%,
respectively. Only Experiment Il was significantly different from the others (P<0.05).
Cleavage rates in treatment groups were not statistically different from the Semi-
denuded or the MI control groups in each experiment (P>0.05), demonstrating that, in
general, cleavage remained similar among groups, even after the injection of repair
donor templates, regardless the target loci and injected dose. Cleavage rates in
Experiment Il were the lowest in almost all groups, with rates below 50%, except for
the Intact control group (60.4%) and the SSP treatment group (68.3%).

Blastocyst rates between control and treatment groups are presented in Table
3. Control groups (IVP and MI) had blastocyst rates above 20% in all experiments,
reaching 31.6%, 22.8% and 23.9% in the Intact, Semi-denuded and CRISPR/Cas9
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control groups, respectively. The manipulation of structures to remove cumulus cells
in a short time after the onset of IVF (8 h) and the cytoplasmic microinjection of 1-cell
stage IVP embryos with the CRISPR/Cas9 system, irrespective of the target locus,
decreased blastocyst yields, but in general, did not significantly affect embryo

development to the blastocyst stage.
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Table 1. Survival rates on Day 1 after cytoplasmic microinjection (MI) of bovine 1-cell stage IVP embryos with CRISPR/Cas9 system

or different doses of donor repair oligonucleotide templates.

Survival after MI*

H11 (Experiment I)

Rosa26 (Experiment Il)

H11 (Experiment III)

Rosa26 (Experiment V)

Experimental Total Dose 5 ng/uL Total Dose 5 ng/uL Total Dose 20 ng/uL Total Dose 20 ng/uL
IVP embryos .
groups n n % n n % n n % n n %
CRISPR/Cas9 209 170 81.3%A 62 56 90.3%4 = = = - - -
DS 204 176 86.3%4 188 158 84.0% 98 89 90.8%4 229 195 85.13A
L SSNP 194 164 84.5%4 251 208 82.9%4 131 112 85.5%4 153 135 88.24
Microinjected
SSP 211 160 75.88 234 208 88.9%4 135 120 88.8%4 152 128 84.22A8
SST 198 161 81.338 131 117 89.3%4 158 136 86.0%8 113 98 86.738
Mean? 807 661 81.98 804 691 85.9° 522 457 87.54 647 556 85.94

*DS: Double-Stranded; SSNP: Asymmetric Single-Stranded non-PAM; SSP: Asymmetric Single-Stranded PAM,;

Single-Stranded.

**Survival rates are based on the total number of COCs used for IVF in each group.

TMean values for the DS, SSNP, SSP, and SST groups in each experiment.

ab: Different superscripts in the same column differ, for P<0.05.

AB: Different superscripts in the same row differ, for P<0.05.

SST: Symmetric
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Table 2. Cleavage rates on Day 2 of development of non-microinjected control groups and microinjected groups, after cytoplasmic
microinjection (MI) of bovine 1-cell stage IVP embryos with CRISPR/Cas9 system or different doses of donor repair

oligonucleotide templates.

Cleavage Rate* H11 (Experiment I) Rosa26 (Experiment Il) H11 (Experiment Ill) Rosa26 (Experiment V)
Survival after Survival after Survival after Survival after
VP embryos Experimental M Dose 5 ng/uL M Dose 5 ng/uL M Dose 20 ng/pL MI Dose 20 ng/uL
*%
Groups n n % n n % n n % n n %
] N.OU' Intact 403 288 71.5% 217 147 67.738 210 127  60.4%8 241 164 68.0348
microinjected -
Control Semi-Denuded 395 248  62.8A 256 158 61.73A 129 60 46.58 259 177 68.334
CRISPR/Cas9 170 101 59.4bcA 56 34  60.730A - - - - - -
DS 176 106 60.20cAB 158 89 56.3b48 89 44 49.4°8 195 126  64.63A
Microin d SSNP 164 104 63.6%A 208 133  63.92%A 112 52 46.4°8 135 87  64.4%A
icroinjecte
SSP 160 84 52,508 208 118 56.7°8 120 82 68.324 128 75 58.520A8
SST 161 103 64.0%A 117 65 55.6%48 136 59 43.3%8 98 54  55.,1bAB
Meant 661 397 60.08 691 405  58.6% 457 237 51.88 556 342 6154

*Rates are based on the number of COCs that survived after Ml in each group.

“DS: Double-Stranded; SSNP: Asymmetric Single-Stranded non-PAM; SSP: Asymmetric Single-Stranded PAM; SST: Symmetric
Single-Stranded.

TMean values for the DS, SSNP, SSP, and SST groups in each experiment.

ab: Different superscripts in the same column differ, for P<0.05.

AB: Different superscripts in the same row differ, for P<0.05.
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In contrast, the microinjection of oligonucleotide templates reduced blastocyst
development in most experimental groups, compared with controls, being lower than
20% in most groups. Therefore, even if the injection of oligonucleotides did not affect
the survival of structures, it was detrimental to embryo development, significantly
decreasing blastocyst yields. Nevertheless, no significant differences in blastocyst
rates were observed between treatment groups and between experiments, although
the groups microinjected with 20 ng/pL of oligonucleotides had a trend for slightly
higher blastocyst rates than the groups injected with 5 ng/uL, regardless of the target
locus (Experiment |, 13.9%; Experiment Il, 14.1%; Experiment Ill, 17.0%; and
Experiment IV, 17.9%).

Relative Efficiency

To determine the overall relative efficiency of each experimental group, the
probability for survival after cytoplasmic microinjection and for development to the
blastocyst stage from the total number of COCs used for IVF was calculated based on
data from each group and experiment, with combined data shown in Table 4. As
expected, the relative efficiency of the Intact control group was higher than the other
groups, where one blastocyst was produced out of three COCs (1:3.2), followed by the
Semi-denuded and the CRISPR/Cas9 control groups (1:4.3 and 1:5.7, respectively),
which were similar with one another. Nevertheless, all treatment groups had lower
relative efficiencies to generate blastocysts in comparison with controls. However, the
groups of zygotes microinjected with 20 ng/uL of oligonucleotides had similar efficiency
(1:7.6) to the CRISPR/Cas9 control group, regardless the target locus and the

oligonucleotide design.



83

Table 3. Blastocyst rates on Day 7 of development of non-microinjected control groups and microinjected groups, after cytoplasmic
microinjection (MI) of bovine 1-cell stage IVP embryos with CRISPR/Cas9 system or different doses of donor repair

oligonucleotide templates.

Blastocyst Rate* H11 (Experiment I) Rosa26 (Experiment Il) H11 (Experiment III) Rosa26 (Experiment V)
Experimental Survn'/v?ll after Dose 5 ng/ul Survn,/vil after Dose 5 ng/uL SurV|\'/Va|1II after Dose 20 ng/L Survn@l after Dose 20 ng/ul
IVP embryos Groups**
P n n % n n % n n % n n %
) N_Or_" Intact 403 117  29.0% 217 75 34.63A 210 62 29.54 241 81 33.62A
microinjected :
Control Semi-Denuded 395 92  23.3%A 256 54  21.1°A 129 27  20.92%A 259 68  26.2%A
CRISPR/Cas9 170 45  26.5%A 56 12 21.4bA - - - - - -
DS 176 37  21.0PA 158 15 9.548 89 15 16.80¢AB 195 27  13.89%8
o SSNP 164 17  10.4% 208 26  12.5¢d8 112 15 13.3¢8 135 31 22.9b¢A
Microinjected
SSP 160 23 14.4%9A 208 36  17.3bcA 120 23 19.1%A 128 22 17.1%9A
SST 161 15 9.348 117 21 17.9%A 136 25  18.3bA 98 20  20.4bcdA
Meant 661 92 13.94 691 98 14.14 457 78 17.0A 556 100 17.9~

*Rates are based on the number of COCs that survived after Ml in each group.

**DS: Double-Stranded; SSNP: Asymmetric Single-Stranded non-PAM; SSP: Asymmetric Single-Stranded PAM; SST: Symmetric
Single-Stranded.

TMean values for the DS, SSNP, SSP, and SST groups in each experiment.

ab: Different superscripts in the same column differ, for P<0.05.

AB: Different superscripts in the same row differ, for P<0.05.
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Table 4. Probability outcomes and relative efficiency for non-microinjected control groups and microinjected groups, after cytoplasmic
microinjection (MI) of bovine 1-cell stage IVP embryos with CRISPR/Cas9 system or different doses of donor repair
oligonucleotide templates and development to the blastocyst stage, from the total number of COCs used for IVF in each

group.
Experimental Safe harbor  Dose COCs (IVF) Probability Relative efficiency
IVP embryos
groups** locus (ng/uL) n Survival after IM (IVC) Blastocyst (ratio)*
Non-microinjected Intact H11 + Rosa26 5+20 1071 - 0.318 0.318% (1:3.2)
Control Sem-denuded H11 + Rosa26 5+20 1039 - 0.232 0.232°(1:4.3)
Total microinjected 3051 0.849 0.139 0.118%(1:8.5)
CRISPR/Cas9 H11 + Rosa26 5 271 0.834 0.210 0.175%¢ (1:5.7)
DS H11 + Rosa26 5+ 20 719 0.860 0.181 0.131% (1:7.6)
SSNP H11l + Rosa26 5+ 20 729 0.849 0.122 0.1049(1:9.6)
SSP H11l + Rosa26 5+ 20 732 0.842 0.142 0.120% (1:8.3)
SST H11l + Rosa26 5+ 20 600 0.853 0.135 0.115%(1:8.7)
Microinjected
All oligos H11 + Rosa26 5+ 20 2780 0.851 0.132 0.1129(1:8.9)
H11 5+20 1329 0.841 0.128 0.108%(1:9.3)
All oligos
Rosa26 5+20 1451 0.859 0.136 0.1179(1:8.6)
5 1611 0.839 0.118 0.100¢(1:10)

All oligos H11 + Rosa26
20 1169 0.867 0.152 0.132% (1:7.6)

*Relative efficiency to obtain a blastocyst on Day 7 of development. Ratio refers to the number of COCs necessary to obtain a
blastocyst on Day 7 of development. Determination of relative efficiency and ratio did not include data on survival after M| for the
nonmicroinjected control groups.

**DS: Double-Stranded; SSNP: Asymmetric Single-Stranded non-PAM; SSP: Asymmetric Single-Stranded PAM; SST: Symmetric
Single-Stranded.

ab: Different superscripts in the same column differ, for P<0.05.
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Discussion

The recent advances in CRISPR-mediated genome engineering have allowed
researchers to efficiently induce double-strand breaks (DSBs) in genomic DNA using
Cas9 and an appropriate single-guide RNA (sgRNA; Cho et al., 2013; Jiang et al.,
2013; Wang et al., 2013; Mali et al., 2013), enabling the introduction of a DNA
fragments to generate a KI model (Navarro-Serna et al., 2020). In mammalian cells,
most DSBs are repaired by the nonhomologous end joining (NHEJ) pathway, which is
error-prone resulting in disruptive insertions or deletions (indels) at targeted loci,
possibly creating gene knockouts. Alternative repair pathways include the use of sister
chromatids or an exogenous repair donor DNA template via components of the
homology-directed repair (HDR) pathway. Such event is desired for a correct genome
editing, with the most common form of HDR being HR (Navarro-Serna et al., 2020).
However, the efficiency of DNA repair by HDR via HR is relatively low (Navarro-Serna
et al., 2020; Ran et al., 2013), and several methods have been explored to improve
the utility of such approach for genome editing (Liang et al., 2017).

The standard practice for CRISPR editing relies on microinjection of
CRISPR/Cas9 system into one-cell zygotes, a process that is technically demanding,
laborious and costly (Wang et al., 2013; Yang et al., 2013). Moreover, physical damage
caused by microinjection significantly reduces embryo viability, further decreasing
efficiency in genetic modifications (Brinster et al., 1985; Chen et al., 2016). The
parameters controlling the efficacy of CRISPR/Cas9 microinjection to mediate targeted
insertion are not fully established, thus this study aimed to evaluate bovine embryo
development after CRISPR/Cas9 system cytoplasmic microinjection to produce Kl by
HDR into Rosa26 and H11 loci.

The timing after fertilization, the type of components of the CRISPR/Cas9
system (expressing vector, RNA, protein) and the concentration doses used for the
cytoplasmic microinjection of presumptive zygotes after IVF may have significant
effects on the mutation efficiency, level of mosaicism, and potential off-target mutations
(Tanihara et al., 2019; Hennig et al., 2020; Navarro-Serna et al., 2020; Le et al., 2021).
The standard times usually used for the microinjection of bovine IVP embryos for gene
editing (16-20 hpf), often adopted for practical reasons, as such time coincides with
the end of the IVF period and the completion of DNA replication into the pronuclei, are
often associated with high rates of mosaicism (Lamas-Toranzo et al., 2019; Mehravar

et al., 2019). The cytoplasmic microinjection of RNP or RNA into MIl bovine oocytes
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prior to IVF or into 1-cell stage bovine IVP embryos at 10 hpf significantly reduced
mosaicism in developing embryos when compared with injection into zygotes at 20 hpf
(10 to 30% vs. 100%, respectively; Lamas-Toranzo et al., 2019). Moreover, Meng et
al. (2015) demonstrated that the expression of the eGFP reporter gene in buffalo
zygotes was higher after cytoplasmic microinjection at an earlier time (7-8 hpf), which
corresponds to an early pronuclear stage in cattle (Xu and Greve, 1988; Mezzalira et
al., 2011), than later (18-19 hpf), with no effects on blastocyst yield. Thus, as an
attempt to reduce or minimize mosaicism in edited embryos, cumulus cell partial
removal was performed at 8 hpf in this study for cytoplasmic microinjection to be
completed prior to pronuclear formation, or prior to 10 hpf, despite the anticipated
potential decrease in subsequent embryo development, as discussed below.

It was apparent, though, that partially removing cumulus cells at 8 hpf, a useful
procedure for effective control of the cytoplasmic microinjection, slightly compromised
development when compared with the Intact group. Therefore, the manipulation of
structures prior to microinjection, at 8 hpf, and not the cytoplasmic microinjection per
se, had a significant impact on embryo development. Likely, manipulation of the
structures affected cleavage rates in Experiment Ill, since the Semi-denuded group
had a lower cleavage rate (46.5%) compared to the other experiments and to the Intact
control group (Table 2). Such technical factor probably caused a delay in embryo
development on Day 2 of development, with no impact on blastocyst rates on Day 7,
as shown on Table 3. Moreover, Ward et al. (2002) demonstrated that cumulus cell
removal at 1, 5 and 10 hpf after the onset of bovine IVF reduced cleavage rates (1, 5
and 10 hpf) and blastocyst yields up to Day 8 of development (1 and 5 hpf), as
compared with cumulus cell removal at 15, 20 or 24 hpf. In human IVF, removing
cumulus cells at 4-6 hpf as oppose to 18-20 hpf either reduced the percentage of
fertilized oocytes and available embryos on Day 3 of development (Liu et al., 2020) or
increased polyspermy and decreased blastocyst rates and the proportion of high-
quality blastocysts (Liu et al., 2015). Consequently, as such potential effect on embryo
development by partial cumulus cell removal at 8 hpf was anticipated, the Semi-
denuded group was included in the study as control for such effect.

The genomic site where a target Kl gene is integrated is an important factor in
gene editing and in genetic engineering experiments. Depending on the site, the
transgene may not be expressed due to gene silencing or may even cause gene

knockout and potential detrimental effects on cell viability. The Rosa26 locus is a well-
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established genomic SHL for the stable expression of a variety of target genes
(Soriano, 1999). Recently, the H11 locus was also identified as an efficient SHL (Chi
et al., 2019). Thus, we tested whether the microinjection of oligonucleotides directed
to such loci could interfere in embryo development. We observed no differences in
embryo survival and development by targeting the CRISPR/Cas9 system to either the
Rosa26 or the H11 bovine loci. Similarly, Hai et al. (2014) observed that CRISPR
system cytoplasmic microinjection into pig zygotes had no significant negative effects
on embryo development.

The combined injection of donor repair oligonucleotides had no effect on
survival, regardless the SHL locus, the template design, or the injected dose, but was
detrimental to embryo development, causing a significant fall in blastocyst yields in all
treatment groups when compared to controls (Tables 3 and 4). It is known that the
injection of large amounts of DNA into mouse zygotes may be toxic and may impair
embryo development, even if such doses resulted in higher efficiency of transgene Ki
by HR (Brinster et al., 1985; Raveux et al., 2017). Therefore, to test the effect of the
amount of the donor oligonucleotide templates microinjected into embryos on
development and HDR efficiency (pending analysis), two oligo template doses were
used, being one at a lower (5 ng/uL), and the other at a higher (20 ng/uL) dose. Such
concentration doses were chosen based on previous studies that tested the efficiency
of the cytoplasmic microinjection of repair oligonucleotides in embryo development,
with ranging doses from 2 to 40 ng/pL (Meng et al., 2015; Miura et al., 2015; Raveux
et al., 2017). In our study, survival of structures assessed 24 h after microinjection was
not affected by the oligo template doses, being similar to the control groups (Table 1).
Interestingly, and even though the microinjection of oligos affected blastocyst
development (Table 3). Despite the relatively small size of the oligo templates (61 bp
to 103 bp), the amount of DNA injected into the zygotes, along with the CRISPR/Cas9
system, could have affected embryo development. This is concluded since the
microinjected control group (with no oligo injection), reached better developmental
rates than the experimental groups, being similar to the Semi-denuded control group.
Nevertheless, the use of the higher oligo dose appeared to show slightly better
blastocyst rates than the lower dose, which had an impact on the overall efficiency of
the procedure (Table 4). Raveux et al. (2017) observed that the cytoplasmic
microinjection with 20 ng/uL of repair oligonucleotides increased KI efficiency in 10%

when compared to a lower dose of 2 ng/uL. This is an important result, since the
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microinjection of 20 ng/uL provided similar survival rates as controls (Table 1).
However, blastocyst yields on Day 7 of development reached rates above 20% in some
groups (Table 3).

In summary, embryo cytoplasmic microinjection with any type of repair donor
oligonucleotide templates in combination with the CRISPR/Cas9 system significantly
reduced development to the blastocyst stage up to Day 7 of IVC, irrespective of the
injected dose or the targeted locus. In addition, the microinjection procedure using the
CRISPR/Cas9 system with Cas9-gRNAs RNP did not compromise survival or embryo
development, as compared to the Semi-denuded control group. However, cumulus cell
partial removal 8 h after the onset of the IVF affected embryo development when
compared with the Intact control group. In general, the groups microinjected with
oligonucleotides required more COCs to result in blastocysts on Day 7 of development,
varying from 1 in 8 to 1 in 10. Despite the decrease in the overall efficiency in terms of
embryo development, the microinjection with an oligonucleotide template dose of 20
ng/pL, along with the CRISPR/Cas9 system, is feasible for homologous recombination
experiments in bovine preimplantation IVP embryos, as embryo development
appeared to be higher than the 5 ng/uL dose, for acceptable blastocyst rates to support
further studies. The genomic analyses of the integration rates of the oligonucleotides
by HR into the SHLs still need to be performed, and once completed, it may elucidate
which protocol was more efficient at inducing precise Kl mutations in early bovine
embryos.
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Supplementary Tables

Suppl. Table 1. Single guide RNA (sgRNA) sequences for the CRISPR/Cas9 system
targeted to the bovine H11 (bH11) or bovine ROSA26 (bRosa26) loci.
SgRNA Sequence 5’ - 3’

sgH11 CACCGTAGCCATAAGACTACCTAT

sgRosa26 CACCGTATTATTTCTTAAACTCCT
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Suppl. Table 2. Repair donor oligonucleotide template sequences targeted to the

bovine H11 (bH11) or bovine ROSA26 (bRosa26) loci.

Rosa26 locus

Repair
Templates* Sequence5' - 3
CCACTACTTAGCTCCTTTTGAAGTAGAGCCATATTATTTCTTAAACTGGTACCCCTA
SsT GGACAAAAAATGAGTAGAATGAAAACATACTTGCATGAGAGAA
SSNP AGCACTTACAAAACCTTCAATTCTCTCATGCAAGTATGTTTTCATTCTACTCATTTTT
TGTCCTAGGGGTACCAGTTTAAGAAATAATATGGCTCTACTTCAA
TTGAAGTAGAGCCATATTATTTCTTAAACTGGTACCCCTAGGACAAAAAATGAGTA
SsP GAATGAAAACATACTTGCATGAGAGAATTGAAGGTTTTGTAAGTGCT
AGATCTGCTAAGCGGTACCTCTAGAGAATTCCCTAGGACAAAAAATGAGTAGAAT
DS Sense GAAAAC
DS GAATTCTCTAGAGGTACCGCTTAGCAGATCTAGTTTAAGAAATAATATGGCTCTAC
Antisense TTCAA
H11 locus
Repair
Templates* Sequence5' -3
ATTTTAGAAATTACACATTATCATCTGATATTAGCCATAAGACTACCGGTACCTATA
SsT GGGTCAGCTCAGTCTAAACTCACCCATTGGAGTCATTAGGCTC
AAGCCATGGCCCTCTTTCTTGAGCCTAATGACTCCAATGGGTGAGTTTAGACTGA
SSNP GCTGACCCTATAGGTACCGGTAGTCTTATGGCTAATATCAGATGATAA
TTATCATCTGATATTAGCCATAAGACTACCGGTACCTATAGGGTCAGCTCAGTCTA
SsP AACTCACCCATTGGAGTCATTAGGCTCAAGAAAGAGGGCCATGGCTT
AGATCTGCTAAGCGGTACCTCTAGAGAATTCTATAGGGTCAGCTCAGTCTAAACTC
DS Sense ACCCA
DS GAATTCTCTAGAGGTACCGCTTAGCAGATCTGGTAGTCTTATGGCTAATATCAGAT
Antisense GATAA

lunderlined sequence: Restriction enzyme site sequences (Bglll, Blpl, Kpnl, Xbal

EcoRl)

*DS: Double-Stranded; SSNP: Asymmetric Single-Stranded non-PAM; SSP:

Asymmetric Single-Stranded PAM; SST: Symmetric Single-Stranded.
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4. CONCLUSIONS

In Chapter II, we concluded that the CRISPR activation system promoted partial
pig cell reprogramming, leading to transcriptionally activation of pluripotency genes,
but with no effect on cell senescence. Moreover, the dCas9-VPR system showed
higher levels of transcriptional activation efficiency on target genes than the
dCpfl/Casl2a-VPR system in porcine fibroblast cells. However, the advantages of
multiplexing gRNAs with Cpfl for multiple gene activation still needs to be further
investigated.

In Chapter Ill, we concluded that the cytoplasmic microinjection of the
CRISPR/Cas9 system along with donor repair oligonucleotide templates into 1-cell
stage in vitro-produced bovine embryos decreased the overall efficiency in terms of
embryo development, irrespective of the template dose and targeted safe harbor locus.
However, the microinjection of the CRISPR/Cas9 system (with only Cas9 protein and
gRNAS) proved to be innocuous to in vitro embryo development, with no negative
effects on cleavage and blastocyst rates. The genomic analyses of the integration rates
of the oligonucleotides by HR into the SHLs into developed embryos still need to be

performed.
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5. PERSPECTIVES

Gene editing in farm animals may assist breeding programs by allowing
changes in traits of interest in a more effective way, reducing the time for animal
breeding cycles, consequently reducing costs. Many studies have been carried out to
overcome the limitations and to increase the efficiency of procedures for the production
of genetically modified animals. Using gene editing tools, many animals have already
been generated, presenting advantages not only for the livestock sector with the
increase in production and disease resistance, for instance, but also for human health.
Through advances in the discovery of candidate genes related to production traits and
even diseases, in a short time we will be able to use such information from gene editing
to better understand human and animal physiology, also using it for biopharming,
xenotranplantation and cell and gene therapy.

In general, and in this study, the strategies using CRISPR approaches to assist
in gene editing were feasible, but further studies still need to be performed to improve
and to simplify procedures and technologies for the development of new and effective
research tools for genome and epigenome modifications. Our next steps are related to
the improvement of the CRISPRa approach, through multiplexing gRNAs in a simple
design to use with Cpfl/Casl12a, thus minimising the negative effect of transfecting
high plasmid concentration into cells. If more reprogrammed cells are produced, such
cells can be used for cloning by SCNT to determine whether induced reprogramming
through CRISPRa in fact improves epigenetic plasticity after cloning demonstrated by
higher rates of development and outcome after cloning. Moreover, the genomic
analyses of the microinjected bovine IVP embryos will determine the efficiency of the
integration of the DNA repair donor templates into the targeted safe harbor loci, and
whether differences existed between template designs under distinct doses and
between targeted SHL. Once defined, other strategies, such as the manipulation of the
DNA repair machinery, may be included in future studies aimed to precisely modify cell
and embryos at the genomic and epigenomic levels.
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APPENDICES

Appendix 1: Guidelines for the preparation of Chapter i

Guide for authors - Zygote Journal

Scope

Zygote is an international journal dedicated to the rapid publication of original research
in early embryology. It covers interdisciplinary studies in animals and humans, from
gametogenesis through fertilization to gastrulation. The scope includes
gametogenesis, sperm—oocyte interaction, gamete and embryo physiology, cell
polarity, cell—cell interactions, nuclear transfer, haploidization, molecular genetics,
developmental genetics, in-vitro fertilization, and stem-cell and cryoconservation
technologies. Please note: papers of a technical nature or which involve industrial-
scale IVF are not suitable for Zygote and should be submitted elsewhere.

The editors favour work describing fundamental processes in the cellular and
molecular mechanisms of animal development, and, in particular, the identification of
unifying principles in biology. New technologies, clinical papers, review articles,
debates and letters will become prominent features.

Submissions

All manuscripts must be submitted online at:

http://mc.manuscriptcentral.com/zyqgote

Submission of a paper will be taken to imply that it is unpublished and it is not being
considered for publication elsewhere.

There is no formal restriction on length; however, Original Articles and Reviews of less
than 15000 words are likely to appear sooner than longer ones. Short Communications
should not exceed 1500 words and News and Views Commentaries should not exceed
500 words.

Preparation of manuscripts

Manuscripts must contain continuous line numbering throughout and should be
organised as follows:

The title page should include:

e The title of the article, which should be short (preferably up to 12 words)
but informative and accurately reflect the content.

o Authors’ names and contact details: please list a brief affiliation for each
author including country (assigned with superscript numbers) below the
author names, and in addition, indicate the corresponding author with an
asterisk and in this case provide an email address


http://mc.manuscriptcentral.com/zygote
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e Word count, including all text but excluding tables, figures and references.

An Abstract of not more than 250 words followed by 5 Keywords, Introduction,
Materials and Methods, Results, Discussion (combined Results and Discussion may
be used for short papers), Acknowledgements, References, Endnotes, Tables and
Figure Legends.

Manuscripts should be prepared using Sl units.
Figures

Figures should be numbered consecutively as they appear in the text. Any indication
of features of special interest should also be included. Figures must be supplied
electronically. They must be saved at final publication size and ideally supplied in the
following file formats: halftone figures (black & white, and colour) as TIF files at 300
dpi; black & white line figures as TIF or EPS files at 1000—1200 dpi. PDF format is also
accepted. When relevant, photographs should be submitted with proposed reduction
or magnification indicated by a scale line on or beside, the illustration. The places for
insertion into the text should be indicated in the text as ‘Fig. 1’ etc. Legends for all
illustrations should be typed together, separately from the main text. There is no charge
for online publication of colour photographs or figures. More detailed information is
available at: www.cambridge.org/core/services/authors/journals/journals-artwork-

quide.

Tables

Tables with concise headings should be placed at the end of the paper. Each table
must have a text reference, in the form ‘Table 1’ etc.

References

References should be cited in the text ‘as Conklin (1905) showed’ or ‘as shown
(Conklin, 1905). For papers with three or more authors, use et al. A full list of
references in alphabetical order should be given at the end of the text: surname of
author and initials; year of publication (in parentheses); title of paper; journal or book
name (the former being abbreviated in accordance with the World List of Scientific
Periodicals); volume number; first and last page of the reference. For books and
conference proceedings, the place of publication and publisher (and editor(s) if
appropriate) should be included.

Acknowledgements
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financial). Formal financial support and funding should be listed in the following section.
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Please provide details of the sources of financial support for all authors, including grant
numbers. For example, "This work was supported by the Medical research Council
(grant number XXXXXXX)". Multiple grant numbers should be separated by a comma
and space, and where research was funded by more than one agency the different
agencies should be separated by a semi-colon, with "and" before the final funder.
Grants held by different authors should be identified as belonging to individual authors
by the authors’ initials. For example, "This work was supported by the Wellcome Trust
(A.B., grant numbers XXXX, YYYY), (C.D., grant number ZZZZ); the Natural
Environment Research Council (E.F., grant number FFFF); and the National Institutes
of Health (A.B., grant number GGGG), (E.F., grant number HHHH)". Where no specific
funding has been provided for research, please provide the following statement: "This
research received no specific grant from any funding agency, commercial or not-for-
profit sectors."

Conflict of Interest declaration

All authors must include a conflict of interest declaration in their manuscript. This
declaration will be subject to editorial review and may be published in the article.

Conflicts of interest are situations that could be perceived to exert an undue influence
on the content or publication of an author’s work. They may include, but are not limited
to, financial, professional, contractual or personal relationships or situations.

If the manuscript has multiple authors, the author submitting must include a conflict of
interest declaration relevant to all contributing authors. Example wording for a
declaration is as follows: “Conflict of interest: Author A is employed at company B.
Author C owns shares in company D, is on the Board of company E and is a member
of organisation F. Author G has received grants from company H.” If no conflicts of
interest exist, the declaration should state “Conflict of interest: The author(s) declare
none”.

Ethical Standards

Where research involves human and/or animal experimentation, the following
statements should be included (as applicable): "The authors assert that all procedures
contributing to this work comply with the ethical standards of the relevant national and
institutional committees on human experimentation and with the Helsinki Declaration
of 1975, as revised in 2008." and "The authors assert that all procedures contributing
to this work comply with the ethical standards of the relevant national and institutional
guides on the care and use of laboratory animals.”

Publication Ethics

Please visit here for information on our ethical guidelines.
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Appendix 2: Guidelines for the preparation of Chapter Il

Guide for authors - Research in Veterinary Science

Research in Veterinary Science publishes original contributions and review articles on
research concerning the health and disease of animals, including studies in
comparative medicine.

Peer review

This journal operates a single anonymized review process. All contributions will be
initially assessed by the editor for suitability for the journal. Papers deemed suitable
are then typically sent to a minimum of two independent expert reviewers to assess
the scientific quality of the paper. The Editor is responsible for the final decision
regarding acceptance or rejection of articles. The Editor's decision is final. Editors are
not involved in decisions about papers which they have written themselves or have
been written by family members or colleagues or which relate to products or services
in which the editor has an interest. Any such submission is subject to all of the journal's
usual procedures, with peer review handled independently of the relevant editor and
their research groups. More information on types of peer review.

Use of Word Processing Software

It is important that the file be saved in the native format of the word processor used.
The text should be in single-column format. Keep the layout of the text as simple as
possible. Most formatting codes will be removed and replaced on processing the
article. In particular, do not use the word processor's options to justify text or to
hyphenate words. However, do use bold face, italics, subscripts, superscripts etc.
When preparing tables, if you are using a table grid, use only one grid for each
individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to
align columns. The electronic text should be prepared in a way very similar to that of
conventional manuscripts (see also the Guide to Publishing with
Elsevier: https://www.elsevier.com/guidepublication). Note that source files of figures,
tables and text graphics will be required separate file submissions. See also the section
on Electronic artwork.To avoid unnecessary errors you are strongly advised to use the
'spell-check' and 'grammar-check’ functions of your word processor.

Form of papers
Introduction

State the objectives of the work and provide an adequate background, avoiding a
detailed literature survey or a summary of the results.

Material and methods
Provide sufficient details to allow the work to be reproduced by an independent

researcher. Methods that are already published should be summarized, and indicated
by a reference. If quoting directly from a previously published method, use quotation
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marks and also cite the source. Any modifications to existing methods should also be
described.

Results
Results should be clear and concise.
Discussion

This should explore the significance of the results of the work, not repeat them. A
combined Results and Discussion section is often appropriate. Avoid extensive
citations and discussion of published literature.

Conclusions

The main conclusions of the study may be presented in a short Conclusions section,
which may stand alone or form a subsection of a Discussion or Results and Discussion
section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae
and equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2),
etc.; in a subsequent appendix, Eqg. (B.1) and so on. Similarly for tables and figures:
Table A.1; Fig. A.1, etc.

Essential title page information

* Title. Concise and informative. Titles are often used in information-retrieval systems.
Avoid abbreviations and formulae where possible.

* Author names and affiliations. Please clearly indicate the given name(s) and family
name(s) of each author and check that all names are accurately spelled. You can add
your name between parentheses in your own script behind the English transliteration.
Present the authors' affiliation addresses (where the actual work was done) below the
names. Indicate all affiliations with a lower-case superscript letter immediately after the
author's name and in front of the appropriate address. Provide the full postal address
of each affiliation, including the country name and, if available, the e-mail address of
each author.

» Corresponding author. Clearly indicate who will handle correspondence at all
stages of refereeing and publication, also post-publication. This responsibility includes
answering any future queries about Methodology and Materials. Ensure that the e-
mail address is given and that contact details are kept up to date by the
corresponding author.

* Present/permanent address. If an author has moved since the work described in
the article was done, or was visiting at the time, a 'Present address' (or 'Permanent
address’) may be indicated as a footnote to that author's name. The address at which
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the author actually did the work must be retained as the main, affiliation address.
Superscript Arabic numerals are used for such footnotes.

Highlights

Highlights are mandatory for this journal as they help increase the discoverability of
your article via search engines. They consist of a short collection of bullet points that
capture the novel results of your research as well as new methods that were used
during the study (if any). Please have a look at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission
system. Please use 'Highlights' in the file name and include 3 to 5 bullet points
(maximum 85 characters, including spaces, per bullet point).

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose
of the research, the principal results and major conclusions. An abstract is often
presented separately from the article, so it must be able to stand alone. For this reason,
References should be avoided, but if essential, then cite the author(s) and year(s).
Also, non-standard or uncommon abbreviations should be avoided, but if essential they
must be defined at their first mention in the abstract itself.

Abstract, self-contained and embodying the main conclusions. It should note the
relevance to veterinary science as well as the aims and objectives of the work.
Sentences such as 'the results are discussed’, which merely describe the paper, are
not allowed.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more
attention to the online article. The graphical abstract should summarize the contents of
the article in a concise, pictorial form designed to capture the attention of a wide
readership. Graphical abstracts should be submitted as a separate file in the online
submission system. Image size: Please provide an image with a minimum of 531 x
1328 pixels (h x w) or proportionally more. The image should be readable at a size of
5 x 13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS,
PDF or MS Office files. You can view Example Graphical Abstracts on our information
site.

Authors can make use of Elsevier's lllustration Services to ensure the best presentation
of their images and in accordance with all technical requirements.

Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American
spelling and avoiding general and plural terms and multiple concepts (avoid, for
example, ‘'and’, 'of). Be sparing with abbreviations: only abbreviations firmly
established in the field may be eligible. These keywords will be used for indexing
purposes.
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Abbreviation and symbols

Authors are asked to explain each scientific abbreviation at it first occurrence in their
papers; for example, complement fixations test (CFT). The policy of the journal with
respect to units and symbols is that SI (System International) symbols should be used.

Acknowledgements

All contributors who do not meet the criteria for authorship as defined above should be
listed in an acknowledgements section. Examples of those who might be
acknowledged include a person who provided purely technical help, writing assistance,
or a department chair who provided only general support. Authors should disclose
whether they had any writing assistance and identify the entity that paid for this
assistance.

Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's
requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers
xXxxX, yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and
the United States Institutes of Peace [grant number aaaa).

It is not necessary to include detailed descriptions on the program or type of grants
and awards. When funding is from a block grant or other resources available to a
university, college, or other research institution, submit the name of the institute or
organization that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Nomenclature

1. Authors and Editors are, by general agreement, obliged to accept the rules
governing biological nomenclature, as laid down in the International Code of Botanical
Nomenclature, the International Code of Nomenclature of Bacteria, and the
International Code of Zoological Nomenclature. Virologists should consult the latest
Report of the International Committee on Taxonomy of Viruses for proper
nomenclature and spelling.

2. All biotica (crops, plants, insects, birds, mammals, etc.) should be identified by their
scientific names when the English term is first used, with the exception of common
domestic animals.

3. All biocides and other organic compounds must be identified by their Geneva names
when first used in the text. Active ingredients of all formulations should be likewise
identified.
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4. For chemical nomenclature, the conventions of the International Union of Pure and
Applied Chemistry and the official recommendations of the IUPAC-IUB Combined
Commission on Biochemical Nomenclature should be followed.

Formulae

1. Give the meaning of all symbols immediately after the equation in which they are
first used.

2. For simple fractions use the solidus (/) instead of a horizontal line.

3. Equations should be numbered serially at the right-hand side in parentheses. In
general only equations explicitly referred to in the text need be numbered.

4. The use of fractional powers instead of root signs is recommended. Powers of e are
often more conveniently denoted by exp.

5. In chemical formulae, valence of ions should be given as, e.g. Ca2+ , not as Ca++.
6. Isotope numbers should precede the symbols, e.g. 180.

7. The repeated writing of chemical formulae in the text is to be avoided where
reasonably possible; instead, the name of the compound should be given in full.
Exceptions may be made in the case of a very long name occurring very frequently or
in the case of a compound being described as the end product of a gravimetric
determination (e.g. phosphate as P205).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the
article. Many word processors can build footnotes into the text, and this feature may
be used. Otherwise, please indicate the position of footnotes in the text and list the
footnotes themselves separately at the end of the article. Do not include footnotes in
the Reference list.

1. Footnotes should only be used if absolutely essential. In most cases it should be
possible to incorporate the information in normal text.

2. If used, they should be numbered in the text, indicated by superscript numbers, and
kept as short as possible.

Artwork
General points
* Make sure you use uniform lettering and sizing of your original artwork.

* Embed the used fonts if the application provides that option.
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» Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol, or use fonts that look similar.

* Number the illustrations according to their sequence in the text.

» Use a logical naming convention for your artwork files.

* Provide captions to illustrations separately.

* Size the illustrations close to the desired dimensions of the published version.
» Submit each illustration as a separate file.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are
given here.

Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint,
Excel) then please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic
artwork is finalized, please 'Save as' or convert the images to one of the following
formats (note the resolution requirements for line drawings, halftones, and line/halftone
combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300
dpi.

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a
minimum of 1000 dpi.

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a
minimum of 500 dpi.

Please do not:

» Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these
typically have a low number of pixels and limited set of colors;

» Supply files that are too low in resolution;
» Submit graphics that are disproportionately large for the content.
* Embed illustrations within the manuscript file.

1. Allillustrations (line drawings and photographs) must be submitted as separate files.
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2. lllustrations should be numbered according to their sequence in the text. References
should be made in the text to each illustration.

3. lllustrations should be designed with the format of the page of the journal in mind.
lllustrations should be of such a size as to allow a reduction of 50%.

4. Lettering should be big enough to allow a reduction of 50% without becoming
illegible, any lettering should be in English. Use the same kind of lettering throughout
and follow the style of the journal.

5. If a scale should be given, use bar scales on all illustrations instead of humerical
scales that must be changed with reduction.

6. Explanations should be given in the figure legend(s). Drawn text in the illustrations
should be kept to a minimum.

7. Photographs are only acceptable if they have good contrast and intensity.
Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS
(or PDF), or MS Office files) and with the correct resolution. If, together with your
accepted article, you submit usable color figures then Elsevier will ensure, at no
additional charge, that these figures will appear in color online (e.g., ScienceDirect and
other sites) regardless of whether or not these illustrations are reproduced in color in
the printed version. For color reproduction in print, you will receive information
regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the
preparation of electronic artwork.

lllustration services

Elsevier's Author Services offers Illustration Services to authors preparing to submit a
manuscript but concerned about the quality of the images accompanying their article.
Elsevier's expert illustrators can produce scientific, technical and medical-style images,
as well as a full range of charts, tables and graphs. Image 'polishing’ is also available,
where our illustrators take your image(s) and improve them to a professional standard.
Please visit the website to find out more.

Tables

Please submit tables as editable text and not as images. Please ensure each table is
submitted as a separate file. Number tables consecutively in accordance with their
appearance in the text and place any table notes below the table body. Be sparing in
the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in
table cells.
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1. Authors should take notice of the limitations set by the size and lay-out of the journal.
Large tables should be avoided. Reversing columns and rows will often reduce the
dimensions of a table.

2. If many data are to be presented, an attempt should be made to divide them over
two or more tables.

3. Tables should be numbered according to their sequence in the text. The text should
include references to all tables.

4.Please ensure each table is submitted as a separate file. Tables should never be
included in the text.

5. Each table should have a brief and self-explanatory title.

6. Column headings should be brief, but sufficiently explanatory. Standard
abbreviations of units of measurement should be added between parentheses.

7. Vertical lines should not be used to separate columns. Leave some extra space
between the columns instead.

8. Any explanation essential to the understanding of the table should be given as a
footnote at the bottom of the table.

Manuscript Formatting

Manuscripts should have numbered lines, with wide margins and double spacing,
throughout, i.e. also for abstracts, footnotes and references. Every page of the
manuscripts, including the tile page, references, tables, etc., should be
numbered. However, in the text no reference should be made to page numbers; if
necessary one may refer to sections. Avoid excessive usage of italics to emphasize
part of the text.

References
Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript
by citing them in your text and including a data reference in your Reference List. Data
references should include the following elements: author name(s), dataset title, data
repository, version (where available), year, and global persistent identifier. Add
[dataset] immediately before the reference so we can properly identify it as a data
reference. The [dataset] identifier will not appear in your published article.

Reference management software

Most Elsevier journals have their reference template available in many of the most
popular reference management software products. These include all products that
support Citation Style Language styles, such as Mendeley. Using citation plug-ins from
these products, authors only need to select the appropriate journal template when


https://citationstyles.org/
https://www.mendeley.com/reference-management/reference-manager/
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preparing their article, after which citations and bibliographies will be automatically
formatted in the journal's style. If no template is yet available for this journal, please
follow the format of the sample references and citations as shown in this Guide. If you
use reference management software, please ensure that you remove all field codes
before submitting the electronic manuscript. More information on how to remove field
codes from different reference management software.

Users of Mendeley Desktop can easily install the reference style for this journal by
clicking the following link:

http://open.mendeley.com/use-citation-style/research-in-veterinary-science

When preparing your manuscript, you will then be able to select this style using the
Mendeley plug-ins for Microsoft Word or LibreOffice.

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the
year of publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by ‘et al." and the year of
publication.

Citations may be made directly (or parenthetically). Groups of references should be
listed first alphabetically, then chronologically.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).
Kramer et al. (2010) have recently shown ....'

List: References should be arranged first alphabetically and then further sorted
chronologically if necessary. More than one reference from the same author(s) in the
same year must be identified by the letters 'a’, 'b’, 'c', etc., placed after the year of
publication.

Examples:

Reference to a journal publication:

Foster, N., Berndt, A., Lalmanach, A.C., Methner, U., Pasquali, P., Rychlik, I., Velge,
P., Zhou, X., Barrow, P., 2012. Emergency and therapeutic vaccination—is stimulating
innate immunity an option? Res. Vet. Sci. 93, 7-12.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New

York.
Reference to a chapter in an edited book:


https://service.elsevier.com/app/answers/detail/a_id/26093/
https://service.elsevier.com/app/answers/detail/a_id/26093/
http://open.mendeley.com/use-citation-style/research-in-veterinary-science
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Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article,
in: Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing
Inc., New York, pp. 281-304.

For reference style 2 Harvard: [dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka,
T., 2015. Mortality data for Japanese oak wilt disease and surrounding forest
compositions. Mendeley Data, v1. http://dx.doi.org/10.17632/xwj98nb39r.1.

Supplementary material

Supplementary material such as applications, images and sound clips, can be
published with your article to enhance it. Submitted supplementary items are published
exactly as they are received (Excel or PowerPoint files will appear as such online).
Please submit your material together with the article and supply a concise, descriptive
caption for each supplementary file. If you wish to make changes to supplementary
material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the 'Track
Changes' option in Microsoft Office files as these will appear in the published version.

Research data

This journal encourages and enables you to share data that supports your research
publication where appropriate, and enables you to interlink the data with your published
articles. Research data refers to the results of observations or experimentation that
validate research findings. To facilitate reproducibility and data reuse, this journal also
encourages you to share your software, code, models, algorithms, protocols, methods
and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make
a statement about the availability of your data when submitting your manuscript. If you
are sharing data in one of these ways, you are encouraged to cite the data in your
manuscript and reference list. Please refer to the "References" section for more
information about data citation. For more information on depositing, sharing and using
research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your
article directly to the dataset. Elsevier collaborates with a number of repositories to link
articles on ScienceDirect with relevant repositories, giving readers access to
underlying data that gives them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can
directly link your dataset to your article by providing the relevant information in the
submission system. For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to
your published article on ScienceDirect.


https://www.elsevier.com/authors/tools-and-resources/research-data
https://www.elsevier.com/authors/tools-and-resources/research-data/data-base-linking
https://www.elsevier.com/authors/tools-and-resources/research-data/data-base-linking#repositories
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In addition, you can link to relevant data or entities through identifiers within the text of
your manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020;
CCDC: 734053; PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data
(including raw and processed data, video, code, software, algorithms, protocols, and
methods) associated with your manuscript in a free-to-use, open access repository.
During the submission process, after uploading your manuscript, you will have the
opportunity to upload your relevant datasets directly to Mendeley Data. The datasets
will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.
Data statement

To foster transparency, we encourage you to state the availability of your data in your
submission. This may be a requirement of your funding body or institution. If your data
is unavailable to access or unsuitable to post, you will have the opportunity to indicate
why during the submission process, for example by stating that the research data is
confidential. The statement will appear with your published article on ScienceDirect.
For more information, visit the Data Statement page.


https://www.elsevier.com/authors/tools-and-resources/research-data/mendeley-data-for-journals
https://www.elsevier.com/authors/tools-and-resources/research-data/data-statement
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