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ABSTRACT 

Pigs are good candidates for studying human diseases because of their similarity to 

humans in physiology, organ size, and genetics. As a result of recent advances of assisted 

reproductive technologies (ART) along with CRISPR/Cas9 gene-editing system, efficient 

generation of knock-out (KO) livestock animals became easy. However, there is no robust 

protocol that can be used to generate porcine embryos because of the variabilities relating to 

oocyte maturation and embryo development compared to other livestock species. In addition, 

inefficiencies related to the CRISPR/Cas9-mediated genome editing in porcine embryos limit the 

production of founder animals. 

This study first demonstrated that the effects of different exposure time of hormone 

treatments on porcine oocyte maturation and embryo development to the blastocyst stage. In 

addition, the effects of three cytokines, FGF2, LIF, and IGF1 (FLI) supplemented to a defined 

maturation media were tested on oocyte maturation and embryo development.  

Using microinjection to introduce CRISPR/Cas9 complexes into embryos, we optimized 

the condition for efficiently disrupting pig neurogenin 3 (NGN3) gene by testing three guide 

RNAs (gRNAs) targeting different regions of exon 2 in the gene, comparing Cas9 mRNA and 

protein, and comparing three types of gRNAs, in vitro transcribed, two-part cr/tracr gRNA, and 

synthetic gRNA. Alternatively, electroporation has been suggested as an alternative method to 

deliver CRISPR/Cas9 components with ease into embryos, although mosaicism and off-target 

effects induced by CRISPR/Cas9 system are not clear. We therefore optimized the 

electroporation parameter to efficiently introduce CRISPR/Cas9 targeting NGN3 in pig embryos 

by testing different concentrations of gRNA and Cas9 protein and subsequently determined 
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mosaicism and off-target effects caused by electroporation procedure using next generation 

sequencing (PacBio). 
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CHAPTER 1 

Literature Review 

Authored published article, Navarro-Serna S, Vilarino M, Park I, Gadea J, Ross PJ. Livestock 

Gene Editing by One-step Embryo Manipulation. J Equine Vet Sci. 2020 Jun; 89:103025. doi: 

10.1016/j.jevs.2020.103025. Epub 2020 Apr 13. PMID: 32563448. 

Introduction 

Gene editing generally refers to any changes in the genomic sequence of a cell induced 

by targeted nucleases. Targeted/programmable nucleases introduce double-strand breaks (DSBs) 

at specific loci on the genome. These breaks are repaired by the cell using one of two general 

mechanisms: non-homologous end-joining (NHEJ) or homology-directed repair (HDR). NHEJ is 

an error prone, often creating insertion/deletion (indel) mutations in the repaired region. If these 

mutations result in a frame-shift mutation at a protein coding region, it can effectively generate a 

lack-of-function mutation or gene knock-out (KO)1. On the other hand, HDR uses homologous 

sequences, such as the sister chromatid to repair the DSB with high fidelity, which offers the 

opportunity of providing the cells with an artificial repair template for introducing a specific 

mutation, which can range from a single SNP up to introduction of a whole gene1. Among 

available programmable nucleases, the clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated (Cas) system is the most used method. The CRISPR/Cas9 system, 

consists of a complex formed by Cas9 endonuclease, which cuts the target DNA site and creates 

a double-strand break1, and a guide RNA (gRNA) interacting with Cas9, that provides target 

recognition by simple Watson-Crick sequence complementarity. Shortly after CRISPR/Cas9 

technology was used to edit mouse and human cells in culture2, gene-edited mice were produced 
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by direct injection of CRISPR/Cas9 reagents into zygotes3. CRISPR/Cas9 editing of livestock 

embryos rapidly followed4, and since the first report in 2014 until now, our understanding and 

applicability of these revolutionary technology to livestock has undergone significant 

optimization including improvement of delivery methods, CRISPR/Cas9 reagents, and embryo 

sources, as well as identification of limitations and deficiencies such as mosaicism and 

inefficient targeted gene additions. 

Genetic engineering in animals 

Genome engineering in animals has been possible since 1980, when the first transgenic 

mice were generated by DNA pronuclear microinjection5. In 1985, the first transgenic livestock 

animals were produced by zygote microinjection of foreign DNA in pig, sheep and rabbit6. Later, 

other techniques such as the use of viruses (retroviruses7,8 and lentiviruses9), transposons, sperm-

mediated gene transfer (SMGT)10, and somatic cell nuclear transfer (SCNT) technology11 were 

used to to carry out random DNA insertions in the host genome.  

In 1987, gene targeting by homologous recombination in cells in culture allowed the 

introduction of genes at specific locations in mice12,13, not only allowing for gene additions but 

also for disruption of endogenous genes. This technology in combination with embryonic stem 

cells with germline-chimera potential allowed for generation of KO and knock-in (KI) mice, with 

over 50,000 gene targeted mouse strains available today and the Nobel prize in physiology and 

medicine awarded to its inventors14. In livestock, the lack of germline competent ESCs and a 

long generational interval prevented the application of the technology. SCNT allowed the use of 

gene targeting in domestic animals15, but its applications are restricted by the limited in vitro 

proliferation capacity of somatic cells and the inefficiencies of SCNT/cloning16.  
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The appearance of programmable endonucleases greatly accelerated the development of 

genetic engineering techniques, thus, resulting in a large number of gene-edited animals 

produced in a relatively short time. Zinc finger nucleases (ZFNs) were the first endonucleases 

applied in the creation of transgenic animals17. After that, a second generation of specific 

endonuclease called transcription activator-like effector nucleases (TALENs) was reported18. 

TALENs presented several advantages over ZFNs. TALENs are more specific and efficient than 

ZFNs19,20 because each zinc finger can interact with three DNA base pairs whereas each repeat 

of transcription activator-like effectors binds to a single base pair. In addition, the use of 

TALENs appeared to be less cytotoxic than ZFNs21. Although the use of ZFN was described 

years before TALENs, both methods were used in domestic animals around the same time22–25.  

In 2013, a third generation of programmable endonucleases, clustered regularly 

interspaced short palindromic repeat (CRISPR)/ CRISPR-associated (Cas) was introduced2,26,27. 

This system was discovered in archaea and eubacteria as an adaptive immune system to detect, 

cleave, and thus disable viruses and plasmids infecting those organisms28,29. Adaptation of the 

CRISPR/Cas system to engineer eukaryotic genomes become a revolutionary gene editing 

method due to its simplicity and outstanding efficiency. Currently, the most commonly used  Cas 

protein in genetic engineering is derived from Streptococcus pyogenes Cas94,30–32. CRISPR/Cas9 

has been used to produce genetically modified cells, embryos, and animals of many species 

including mouse2, rat33, zebrafish34, frogs35, pig4,30, sheep36,37, cattle38, goat39, monkey40 and 

human26,40. CRISPR/Cas9 as well as other gene editing tools can be used to genetically modify 

cells in culture that can then be used for creating genetically engineered animals by cloning 

(SCNT). This method has the advantage of allowing full characterization of the introduced 

genetic changes, as well as screening for any potential off-target effects. Furthermore, SCNT 
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results in non-mosaic embryos/animals, a major problem in zygote gene editing. However, 

inefficiencies linked with SCNT/cloning highly compromise the use of the approach16. The 

significant advantage of the CRISPR/Cas9 system is the high efficiency allowing direct embryo 

editing in a single step approach3, which will be the main topic under consideration in this 

review. 

CRISPR/Cas9 technology for genetic engineering 

CRISPR/Cas9 is the method of choice to produce knock-out animals through direct 

cytoplasmic microinjection into oocyte/zygotes. Studies have reported the production of gene 

edited livestock using CRISPR/Cas9 in sheep, goats, and pigs. In general, prevalent indels in the 

targeted alleles can be obtained3, however, outcomes can vary depending on the specific system 

components used, the target location, as well as the conditions of the experiment. Moreover, the 

unpredictable nature of the NHEJ repair mechanism results in alleles that may not disrupt the 

open reading frame generating a missense mutation or a few amino acids deletion that have 

intact protein function. A biallelic mutation is necessary to induce a complete knock-out of a 

specific gene. Several studies across different species have reported the presence of mosaicism at 

the target site, which limits the application of direct embryo manipulation. Additionally, the 

presence of mosaicism can be difficult to diagnose. Multiple approaches have been developed to 

overcome this problem, including injecting Cas9 protein instead of mRNA41,42, modifying the 

CRISPR/Cas9 components, such as injecting a deficient Cas9 protein to diminish its half-life, 

modifying the timing of CRISPR/Cas9 component microinjection by injecting mature oocytes 

instead of zygotes43, using a dual sgRNA target strategy44, or changing the delivery method45,46. 

Despite these efforts, mosaicism is still a widespread issue when CRISPR/Cas9 is delivered to 

zygotes, and new strategies must be developed to minimize the issue. 
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Components of CRISPR/Cas9 system  

Cas9 protein contains six domains, the largest, RecI, is responsible for binding the guide 

RNA and the protospacer adjacent motif (PAM) interacting domain, which initiates the binding 

to target DNA by PAM sequence specificity. The HNH and RuvC domains are responsible for 

DNA cleavage inducing a DSB47. For Cas9 to be active, a guide RNA is required, consisting of a 

CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA) which form a target 

complex that has a 5’ end that is complimentary to the DNA target sequence. The 

crRNA:tracrRNA complex can also be connected as a single guide RNA molecule (sgRNA), 

which simplifies construction of reagents for the CRISPR/Cas9 system. This sgRNA combines 

crRNA:tracrRNA which are attached by a loop and have similar functionality to the dual 

system48. When the artificial sgRNA binds to the Cas9 protein, it induces a conformational 

change in the protein that promotes activation. The Cas9:sgRNA complex searches for and binds 

to target DNA that matches its PAM sequence,  inducing a DSB after the third nucleotide 

upstream of the PAM49,50. The PAM sequence is specific for a particular category of CRISPR 

system and for Streptococcus pyogenes is 5’-NGG-3’48. Before starting a CRISPR experiment, 

thorough target sequence selection should be performed. Several online tools include algorithms 

to predict the best gRNA for the target sequence with consideration for number of base pair 

mismatches to avoid off-target effects51,52. Since the CRISPR/Cas9 system requires a PAM 

sequence, the possible target locations are limited. In livestock species, genomic annotations are 

not as precise as in other species such as mouse or human, and this might hinder the selection of 

an optimal target. In general, several gRNAs are selected and tested prior to starting an 

experiment. Intracytoplasmic microinjection of sgRNA and Cas9 mRNA was the method most 

used to generate gene-edited livestock animals including goats53–56, sheep36,37,43,56–62 and 
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pig4,30,63–69 and used for embryo editing in cattle as well38,70,71. The use of Cas9 nuclease and 

gRNA as a ribonucleoprotein (RNP) is an alternative to help minimize the time from 

CRISPR/Cas9 delivery to its activity, as there is no need for transcription or translation as when 

plasmid or mRNA is used. In experiments where either Cas9 protein or mRNA was used, no 

notable efficiency rate differences were reported70, except when CRISPR/Cas9 system was 

delivered into zygotes using electroporation, in which Cas9 protein performed better than Cas9 

mRNA because of its smaller size45. A method called Easi-CRISPR (Efficient additions with 

ssDNA inserts-CRISPR) was presented as an effective approach that uses a long ssDNA in 

combination with the RNP (with dual gRNA) to create knock-in and conditional allele mouse 

models. RNP delivery into zygote has been reported in pig32,45,72–74 and cattle70. Cas9 was also 

delivered as DNA plasmid in bovine38 and porcine zygotes. However, the injection of Cas9 

mRNA or protein is preferred because this prevents integration of the injected vector into the 

genome75. Despite the risk, DNA integrations were not found in studies in which CRISPR/Cas 

plasmids were used in pigs75,76. In vitro transcribed sgRNA have been extensively used for the 

application of CRISPR/Cas9 in zygotes in a wide variety of domestic species38,43,77. Synthesis of 

the dual gRNAs or sgRNAs required in vitro transcription (IVT) using T7, T3 or SP6 RNA 

polymerase with ribonucleotides triphosphates and a DNA template. Recently, synthetic dual 

gRNAs and sgRNAs have been available, representing an efficient substitute for IVT sgRNAs. 

These gRNAs are produced with a solid-phase synthesis with nucleoside phosphoramidite 

building blocks, and they can accurately generate different sequence and lengths of RNA without 

cloning and sequencing steps78. Chemical synthesis can also incorporate site-specific 

modifications in the gRNAs. For instance, modified sgRNAs enhance genome editing efficiency 

in human primary T cells, CD34 hematopoietic stem cells and progenitor cells79. More than one 
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gRNA can be used to target a single gene. Using a single gRNA was the option most used in 

pig4,67,68,80–82, cattle70,71, goat53–56 and sheep36,37,58–60. Another alternative is the use of gRNA 

pairs, which could evidently generate large gene deletions30,69,77,83 that could have a higher 

chance of producing non-functional proteins30, increase the targeting efficiency44 and be easily 

identified by PCR amplification of the targeted region and DNA gel electrophoresis77. In 

addition, multiplex gRNAs have been used to target one gene38.  

Whitworth et al. (2017) compared the use of gRNA pairs in pig zygotes searching for a 

possible effect on the distancing of sgRNAs, but there was no significant effect on the embryo 

development or the mutation efficiency69. To reduce off-target effects that can result from DSB 

caused by Cas9 at non-targeted regions, a Cas9 nickase strategy was developed32,84. Wild-type 

Cas9 generates a double-strand break at the target site, which is repaired by either NHEJ or HDR, 

whereas Cas9 nickase produces a single-strand nick which is repaired without mistakes. This 

system needs gRNA pairs to create two nicks in close sequences and generate a double-strand 

break. Recognizing the target gene by two gRNAs reduces the possibility of generating off-target 

effects, but the efficiency of generating HDR is less than that of double-strand breaks created by 

using wildtype Cas985.  

Other options that have not been reported in livestock yet include CRISPR/Cas12a and 

base-editors. CRISPR/Cas12a or Cpf1 is a class 2 sgRNA endonuclease discovered in 

Prevoltella and Francisella 86. Some differences between Cas12a and Cas9 include smaller size 

of Cas12a, and requirement of a smaller crRNA. In addition, the cleavage region is around 18 bp 

distal from the PAM sequences, and PAM sequence is 5’-TTTV-3’ making possible to design 

gRNA in regions of the DNA where it is difficult to find gRNAs for Cas987. There are two types 

of base editors, cytosine base editors (CBE) which produce G-C to T-A and adenine base editors 
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(ABE) which produce A-T to G-C conversions. The use of base editors has been described in 

mouse embryos and offers the opportunity to generate a specific point mutation88. This 

methodology could be of great interest to mimic model specific mutations present in human 

diseases or to introduce specific SNPs for phenotypic improvement.  

When more sophisticated modifications are performed, a donor vector is required. 

Double stranded DNA of up to several thousand bp with 500-1000 bp homology arms and single 

stranded donor oligonucleotides (ssODN) of up to 200 bp with 30-60 bp homology arms are the 

most common DNA templates used with the CRISPR system. Recently, some reports have 

shown that long-single stranded DNAs (ssDNAs) can be used as repair templates with short 

homology arms and can yield results that are similar to those achieved with ssODN, while 

introducing a larger construct89. 

Delivery of CRISPR/Cas9 into oocytes and zygotes 

Cas9 nuclease and gRNA are the two main components that are introduced into the 

oocyte or zygote to introduce genetic modifications using the CRISPR system. For RNA and 

protein injection, intracytoplasmic injection can be used90. Low development rate with 

cytoplasmic injection is likely related to higher damage induced by pronuclear injection. Stage of 

development when CRISPR/Cas9 is delivered is another important consideration. Results from 

our work in sheep embryos43 showed that oocyte microinjection resulted in higher development 

rate than zygote microinjection, and we postulate that this could be because of potential 

pronuclear damage when injecting zygotes, which is consistent with results in mice43. In 

livestock species pronuclear microinjection is a difficult approach because of the dark cytoplasm 

of these species due to high cytoplasmic lipid content. Strategies such as centrifugation at high 

speed for 3-5 min to reveal the pronuclei allow for microinjection without affecting zygote 
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viability91,92. Still, cytoplasmic microinjection is the most used method for the CRISPR/Cas9 

system in livestock. Our laboratory developed a laser-assisted cytoplasmic microinjection 

method that improved the delivery procedure because it diminished damage to the 

embryo/oocyte and ensured that the CRISPR/Cas9 is correctly delivered in the cytoplasm93. 

Despite being an effective method to deliver CRISPR/Cas9 to embryos, microinjection is 

technically challenging, time consuming, and laborious which limits the number of zygotes that 

can be treated in a short time.  

Electroporation of exogenous DNA/RNA into embryos appears as an attractive 

alternative for delivering the CRISPR/Cas9 system. Electroporation technique uses an electric 

current that creates temporary membrane pores through which surrounding medium containing 

CRISPR/Cas9 components can enter the embryo cytoplasm94. Some studies on embryo 

electroporation have focused on overcoming the barrier to efficient delivery of nucleic acids 

constituted by the zona pellucida (ZP). In the mouse, 10 seconds of Acid Tyrode’s solution 

treatment weakened the zona without affecting development and allowed Cas9 mRNA and 

sgRNA delivery by electroporation95. However, the use of chemicals is controversial and other 

studies accomplished satisfactory gene editing and embryo development without this step. Qin et 

al. (2015) found that the use of Cas9 RNP complex, which has a compact nature compared to 

Cas9 mRNA, and small DNA repair templates of about 150 nucleotides might facilitate the 

transport through the ZP95. The use of specialized electroporation systems, for example, the 

NEPA21 electroporator with a three-step electrical pulse system, circumvent the use of ZP 

weakening substances that can affect embryonic development96,97.  

A recent study by Nishio et al.98 tried different parameters that are critical for successful 

results using electroporation including voltage, electroporation media, different concentrations of 
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Cas9 mRNA, sgRNA and donor vector, and genetic modifications in different targets. They 

found that voltage had the most significant impact on embryo survival when comparing 30V, 

100V and 300V; with the 30V yielding the best results. Under this study conditions, the authors 

found that 600ng/µl of Cas9 mRNA and 300 ng/µl of sgRNA used in TE buffer and Optimem at 

a 1:1 ratio resulted in the best results with 100% efficiency for NHEJ, 27% efficiency for HDR 

and a live birth rate of 59% compared to 30% when using microinjection as a delivery method95. 

In addition to optimization of the technique, the use of Cas9 protein/sgRNA combined with 

electroporation was introduced as an efficient system that might reduce mosaicism, which 

represents a major problem when using the CRISPR/Cas9 system46,99. One study evaluated the 

use of Cas9 protein/sgRNA at a 50ng/200ng concentration and was able to demonstrate that 

introduction of Cas9 protein and sgRNA into IVF produced zygotes by electroporation induced 

indel mutations via NHEJ or knock-in mutations via HDR with low rates of mosaicism46. 

Myostatin KO pigs were created by electroporation of Cas9 protein and sgRNAs. In this study, 

optimized conditions consisted of 5 pulses of 30V for 1ms duration each, delivered at 13 hours 

after IVF. Also, the authors found Cas9 protein was more efficient than mRNA due to the size 

differences. Other recent studies have used electroporation to generate edited embryos in pigs 

and cattle, but without production of edited animals45,73,98,100–103. Electroporation of RNPs is 

effective in multiple species and presents the clear advantages of the possibility to treat hundreds 

of embryos in a short time period, which facilitate large scale implementation and help reduce 

mosaicism rates by allowing treatment of large number of embryos before the first DNA 

replication. 

Source of embryos: in vivo vs in vitro  
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Both in vivo and in vitro produced embryos have been used to produce gene edited 

animals. In vivo created zygotes were the most used source for production of gene edited 

pigs4,32,63,64,66–68,74–77,80,83,104 and the major option used in goats53–56. In sheep, half of the reports 

used in vitro embryo production36,43,60,62,105 and the other half used in vivo embryo 

collection37,56,58,59,61.  

In vivo embryo collection is obtaining zygotes from naturally bred or artificially 

inseminated female reproductive tracts after synchronization in pig or after superovulation 

stimulation in ruminants37,53. Typically, 14-24 hours after insemination, the zygotes are flushed 

from oviducts and collected using sacrificed donors at the slaughterhouse75,76 or recovered by 

surgical collection32,63,67,68,80,83.  

Difficulties in precisely determining ovulation and fertilization time often lead to the 

collection of zygotes in varied stages of development, ranging from unfertilized oocytes to 

advanced post-zygote embryos. As gene editing needs to happen before the first round of DNA 

replication to ensure lack of chimerism, in vivo collection is often associated with higher 

mosaicism rates. In vivo production of embryos requires intensive labor for donor management 

and synchronization, and typically several animals are required to obtain enough zygotes37,54,65 

though in vivo embryos provide the highest developmental potential. In vitro embryo production 

provides several advantages for gene editing, including a tight control of fertilization time. 

However, the developmental potential of in vitro produced embryos is lower than that of in vivo 

embryos, and the system varies in efficiency for different species. In cattle and sheep, in vitro 

embryo production from slaughterhouse or ultrasound/laparoscopic ovum pick-up derived 

oocytes is well developed. Consequently, multiple studies used IVF derived zygotes to generate 

gene edited sheep30,32,69,106. On the other hand, pig IVM/IVF suffers from insufficient block of 
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polyspermy, resulting in high rates of polyspermic fertilizations and reduced developmental 

capacity32,107. Nevertheless. IVF has been used to create gene-edited pigs30. In goats, while IVF 

procedures are well established, all gene editing reports utilized in vivo produced embryos. 

One-step gene editing limitations 

The CRISPR/Cas9 system is a powerful method for generating gene-edited animal with a 

single step3,4,27,66,77. High efficiency and specificity were reported in rodents, primates, and 

livestock species. However, the mutation outcome is inconsistent due to its mosaicism. 

Mosaicism is the result of different mutations induced by CRISPR/Cas9 happening after the first 

round of DNA replication, which leads to development of animals with more than two alleles for 

the targeted gene. Significant genetic mosaicism introduced by CRISPR/Cas9 delivery to zygotes 

was reported in mice27,108, rhesus monkeys109,110, sheep43,105, and pigs83,111. Mosaicism is 

especially problematic when one of the mutations is not non-frameshift small indels or when a 

proportion of the cells contain a wild type allele. In species with short generational interval, it 

could be possible to eliminate mosaicism by breeding, but the significant amount of time and 

cost associated with breeding multiple generations to achieve a biallelic mutant animal in 

livestock severely hinders this possibility. Mosaicism also diminishes the value of 

preimplantation genetic embryo screening for CRISPR/Cas9 induced mutations105. Selection of 

embryos with desired mutations before embryo transfer decrease cost and increase efficiency of 

gene edited animal generation. However, high rates of mosaicism at time of embryo biopsy result 

in low correlation between biopsy results and embryo genotype105.  

Early introduction of CRISPR/Cas9 combined with instant and short activity of Cas9 is 

an obvious approach to reduce the possibility of mutations occurring after DNA replication and, 

thus, lower the possibility of mosaicism. Timing of CRISPR/Cas9 delivery is tremendously 
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important, delivering reagents before the first round of DNA replication takes place can 

significantly reduce mosaicism rates. In cattle, the first DNA replication in in vitro produced 

bovine zygotes starts around 10 hours after in vitro fertilization70,112. Therefore, a significant 

reduction in mosaicism rates was observed when zygotes were injected 10 hours after in vitro 

fertilization compared to 20 hours after in vitro fertilization without altering mutation rates70. In 

pigs, DNA synthesis in parthenogenetic embryos starts 5-6 hours after activation113, and as in 

cattle, mosaicism rates were reduced from 100% of embryos injected with CRISPR/Cas9 after 

DNA synthesis to 33% when injection was performed before onset of DNA replication81. 

Interestingly, CRISPR/Cas9 injection in MII oocytes in sheep and cow did not decrease 

mosaicism rates compared to zygote injection43,70.  

Cas9 nuclease cleaves DNA with high efficiency at the target site directed by the gRNA, 

however, Cas9 can cleave off-target DNA targets in the genome with lower frequencies. Off-

target mutations can affect the expression or integrity of other genes, resulting in organisms with 

altered phenotypes including health risks for the gene-edited animal80. Despite the off-target 

mutation possibility from CRISPR/Cas9 introduction into zygotes, no evidence of off-targets has 

been reported in gene-edited livestock. Precise editing and gene knock-in through homology 

directed repair (HDR) by direct embryo injection remains unreported for creation of genetically 

engineered livestock. Low efficiency of HDR in zygotes of all species has driven effort to 

improve the system. These efforts include chemical treatments to manipulate DNA repair 

pathways, using different types of donor vectors, modifications to Cas9, Cas9 ribonucleoprotein 

injection, or recruitment of repair templates to the target site. HDR occurs during S and G2 

phases of the cell cycle, whereas NHEJ may occur anytime during the cell cycle114. It has been 

proposed that inhibition of NHEJ would improve HDR. To that end, it was found that the small 
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molecule, Ligase IV inhibitor (Scr7), enhances the efficiency of insertional mutagenesis in cell 

lines115 and embryos116. Among different types of donor vectors, single-stranded synthetic 

oligodeoxynucleotide (ssODN) has been reported as a more efficient strategy across different 

studies compared to dsDNA3,27. With this strategy, the length of the ssDNA template seems to be 

a critical factor. Commercially available ssDNA length is ~200nt, however, longer templates 

(296-837nt) have been successful in mice117. There are also examples of Cas9 modifications that 

improve HDR. When the nuclease domains of the Cas9 are mutated independently, they create 

DNA “nickases” that induce site specific nicks in each DNA strand118. Using a pair of nickases 

targeting opposite sides of the DNA strand generates long overhangs, instead of blunt ends, 

which provide finer control for precise genome integration as well as significant lower off-target 

effects119. However, nickases can delay DSBs and therefore facilitate mosaicism120. A recent 

study in bovine demonstrated the application of single Cas9 nickase to induce a gene insertion of 

NRAMP1 at a selected bovine locus to produce transgenic cattle with an increased resistance to 

infection by M. bovis—the mycobacterial pathogen that causes tuberculosis121. Under the 

assumption that donor searching across the genome could be a limiting factor of HDR, Ma et al. 

(2018) designed a strategy in which they injected Cas9 fused to avidin, a sgRNA and a biotin 

modified ssDNA donor vector (biotin-ssDNA)122. This system, referred to as CAB, is based on 

the affinity between avidin and biotin that will lead to biotin enrichment at the target site. 

Experiments using mouse embryos resulted in ~20% knock-in efficiency with 1kb inserts. 

Another recent study used a similar strategy using Cas9 fused to a monomeric streptavidin and 

biotinylated repair templates. In this study, delivery was performed at the two-cell stage 

considering the prolonged G2 window that might benefit HDR, and knock-in efficiency was up 

to 95% in one of the five targeted genes123. Alternatively, HR-independent knock-in approaches, 
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for example, the use of templates activating the pathways of micro homology end joining 

(MMEJ) or NHEJ have also been used. MMEJ is a DNA repair mechanism that uses 5-25 bp 

micro-homology arms and has been adapted as a knock-in strategy referred to PITCh (Precise 

Integration into Target Chromosome). Homology-mediated end joining (HMEJ) appeared as an 

alternative to MMEJ, and it has longer homology arms (~800bp). A recent study showed the 

higher knock-in efficiency of HMEJ when compared to HR, NHEJ, and MMEJ in many 

system124. 

Applications of gene editing in animals 

Gene editing technology allows inserting exogenous sequences at specific locations and 

disabling specific genes. Introducing targeted modifications to livestock genomes has multiple 

applications ranging from understanding the function of genes to improving agricultural traits 

and to developing biomedical models and technologies1,21,83,125. 

One-step generation of KO livestock embryos using CRISPR/Cas9 technology has been 

used to study the function of genes important for development in cattle71, sheep37,43,62, and pigs77. 

The CRISPR/Cas9 system has also been used with the objective to improve carcass 

composition36,56,58, milk production55,61, disease resistance125 and increase prolificacy60. 

Myostatin is a negative regulator of skeletal muscle mass that can inhibit the proliferation of 

myoblast. Natural mutations in cattle lead to muscular hypertrophy56. The CRISPR/Cas9 

technology was used to introduce mutations into the myostatin gene of goats53,54,56 and 

sheep36,56,58 in an effort to improve meat production54. In addition, β-lactoglobulin KO goats55 

were generated with an objective of eliminating the major milk allergen found in ruminant’ milk.  
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Porcine reproductive and respiratory syndrome (PRRS) is a panzootic infectious disease 

that is mainly characterized by producing late-term abortions and stillbirths in sows as well as 

respiratory diseases in piglets83. PRRS virus (PRRSV) is estimated to cost producers $6,000,000 

per day in North America and Europe126. Recently, with CRISRP/Cas9, PRRSV-resistant pigs 

were generated by editing of the cysteine-rich domain 5 (SRCR5) or CD163, which is a protein 

involved in viral entry to cells83.  

Related to biomedical applications, great efforts have been dedicated to obtaining 

genetically modified porcine models for xenotransplantation43,75,76. The organ use from other 

species is an alternative possibility to overcome the shortage of available matching organs for 

human transplantation. Pigs have been a good candidate for xenotransplantation because of their 

similar organ size and physiology compared to that of humans. For xenotransplantation, it is 

necessary to eliminate galactose epitopes which can be found on the pig cell surface. These 

epitopes are synthesized by alpha- 1,3-galactosyltransferase and are the main cause of 

hyperacute rejection when pig cells or organs were transplanted21. This rejection can be 

circumvented by generating alpha-1,3-galactosyltransferase knock-out pigs. Recently, triple 

knock-out of xenoantigens was achieved using CRISPR/Cas9 technology in pigs127,128. In 

addition, the porcine genome contains active pig endogenous retroviruses (PERV) that could 

potentially infect human cells if placed in close contact; this would be necessary for 

xenotransplantation. Therefore, CRISPR/Cas9 technology was used to mutate every copy (62) of 

PERV sequences in a pig genome, thus, avoiding the risk of transmission into human cells129.  

A complementary approach may hold a key to enable the production of human organs in 

large animals by blastocyst complementation procedure for xenotransplantation. Pigs and sheep 

represent good candidate host species given their anatomical characteristics as well as the pace of 
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development (pigs grow from single embryos to 90kg in 9 months). Using CRISPR/Cas9, 

apancreatic sheep43 and pig77 embryos have been generated that could be used as hosts for 

human pancreas development.  

The use of gene edited/modified animals using CRISPR/Cas9 technology opened new 

biomedical possibilities to develop better human disease models. Large animals are considered 

suitable models for human disease partly because their physiological and anatomical 

characteristics are more similar to human than mouse and rat4,67,104. For example, a study claimed 

that Human Waardenbug syndrome has a dominant disease pattern in human and in pig but has a 

recessive pattern in mouse models with the same mutation104. Human disease models in large 

animals enabled observation of disease phenotypes and implementation of invasive studies for 

testing treatment and possible therapies for pathologies such as cardiovascular diseases, 

neurodegenerative diseases, cystic fibrosis, and metabolic diseases21. Over the last decade, with 

the aim of studying human diseases, CRISPR/Cas9 system has been used to generate pigs with a 

mutation in von Willebrand factor to study von Willebrand disease4, a mutation in MITF protein, 

a melanoma oncogene, deafness syndrome and hypopigmentation in humans, and mutations to 

study Duchenne muscular dystrophy67. 

 Conclusions 

Rapid development and application of CRISPR/Cas9 technology have allowed the 

generation of KO animals easier and faster, with higher efficiency and efficacy than any other 

methods so far. Despite the differences between livestock species, similar CRISPR/Cas9 delivery 

treatments provided effective results. Electroporation of RNPs soon after IVF appears to be an 

effective approach to achieve high mutation rates, in a practical and accessible way, and to help 

decrease the mosaicism levels. For the present, methods for efficient gene KI by homology 
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directed editing remain to be reported for livestock species. Development of efficient single-step 

HDR approaches for livestock will contribute to improved and novel applications of gene editing 

for creation of genetically engineered animals for use in agriculture and biomedicine130.  
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CHAPTER 2 

Optimization of pig embryo culture condition 

Abstract 

Pigs are an important livestock species for biomedical research and possible 

xenotransplantation because of their physiological similarities to that of humans in organ sizes 

and genetics. Generating porcine human disease models is heavily dependent on the 

development of assisted reproductive technologies (ART). However, the ability of creating pig 

models from in vitro produced embryos has limiting factors and a wide gap to be improved since 

in vitro matured porcine oocytes tend to be less competent to be fertilized and proceed to the 

blastocyst stage than in vivo-produced porcine embryos. Ultimately, a finely tuned embryo 

production process would lead to a successful outcome of liveborn piglets on the ground. Here 

we show how different lengths of hormone treatments affect porcine oocyte maturation and 

embryo development to the blastocyst stage on both parthenogenetically activated and in vitro 

fertilized (IVF) embryos. Additionally, a comparison between a defined maturation media 

condition and a defined media condition supplemented with three cytokines (FGF2, LIF, and 

IGF1), FLI media condition, showed that the blastocyst rate in FLI media was significantly 

decreased.  
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Introduction 

For biomedical purposes, studying human diseases with livestock animal models 

provides opportunities due to similarities in organ size and physiological characteristics. Among 

the livestock species, pigs are the key species not only due to organ size but also to similarities in 

genetics1,131. In vitro embryo production in porcine has been performed for years, but there has 

not been a feasible use of a large-scale application since porcine assisted reproduction 

technologies (ART) are variable and inefficient compared to other species. In porcine ART, 

oocyte in vitro maturation is a crucial step for achieving fertilizable MII oocytes and, thus, 

generating healthy offspring for agricultural and biomedical applications132–135. Recovered 

oocytes from presumptive antral follicles (3-6mm in diameter) can resume meiosis and reach the 

matured (MII) stage where the oocytes can be fertilized. However, accomplishing the same full 

in vivo developmental competence from in vitro cultured oocytes has been a challenging task134 

because the harmonious interaction between oocyte and cumulus cells for metabolic activities 

that is present in vivo is missing 136–138. The dependence on immature oocytes from 

slaughterhouse-derived prepubertal gilt ovaries also reduces in vitro embryo production success.   

A high level of cyclic adenosine monophosphate (cAMP) produced by the oocytes is 

crucial for maintaining oocyte meiotic arrest 139,140. When cumulus-oocyte complexes (COCs) 

are in the follicles, this high concentration of cAMP is maintained by cyclic guanosine 3',5'-

cyclic monophosphate (cGMP), which inhibits the phosphodiesterase that is responsible for 
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cAMP hydrolysis. Once COCs leave the follicular surroundings and move into culture condition, 

some oocytes resume meiosis as a result of a decreased level of cGMP from the cumulus cells141–

143. An improper reduction of cGMP and cAMP leads to unstable cytoplasmic and nuclear oocyte 

maturation, thus, to compromised development144.  

During oocyte maturation, the gonadotrophin-stimulated signaling pathway activation is 

generally coordinated by epidermal growth factor (EGF) and other associated factors such as 

downstream MAPK1 and MAPK3, which play a crucial role in activation of oocyte maturation 

and COC expansion145–149. Commonly, porcine IVM medium is supplemented with follicular 

stimulating hormone (FSH) and EGF to stimulate the sensitivity of luteinizing hormone (LH) 

and other downstream signaling pathways133,150–153. To imitate natural condition of oocyte 

growth and maturation and enhance the IVM culture condition, follicular fluid is added to IVM 

medium to provide local factors154–157.  Recently, a study provided evidence that supplementing 

three cytokines, fibroblast growth factor 2 (FGF2), leukemia inhibitory factor (LIF), and insulin-

like growth factor 1 (IGF1), that are present in follicular fluid improved oocyte competence by 

affecting MAPK1/3 activation in cumulus cells158. Even though many different methods 

attempted to achieve a generalized porcine IVM protocol, there is no single method that is used 

universally for pig embryo production. Here we show the effects of the different length of 

hormonal treatments reported for IVM media that are commonly used in porcine embryo 

production laboratories, by observing oocyte maturation rates and embryo developments. We 

also investigated the effect of different IVM media conditions on the development of both 

parthenogenetically activated embryos and IVF-derived embryos. 
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Materials and Methods 

Oocyte collection 

Oocytes were aspirated from antral follicles (3–6 diameters) from prepubertal gilt ovaries 

collected at a local slaughterhouse (Olson Meat Company, Orland, CA, USA). Cumulus oocyte 

complexes (COCs) were washed in TCM199-HEPES buffered medium (Sigma)  

In vitro maturation 

For the 22h hormone treatment group, COCs with two to three layers of cumulus cells were 

cultured in maturation medium at 38.5°C in a humidified incubator containing 5% CO2. 

Maturation medium was made by adding 1 mM dibutyryl cyclic AMP (Sigma), 0.1% PVA 

(Sigma), 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.5 μg/ml porcine FSH (pFSH), 

0.5 μg/ml porcine LH (pLH), 10 ng/ml EGF, 10 μg/ml gentamicin (Gibco) and 10% porcine 

follicle fluid (PFF). After 20-22h of incubation, COCs were moved to maturation medium 

without cAMP, pFSH, and pLH for 20-22h. For 44h hormone treatment group, same maturation 

medium used described above without adding cAMP. COCs were cultured at 38.5°C in a 

humidified incubator containing 5% CO2 for 40-44h. 

Hoechst staining and assessment of oocyte maturation 

After IVM culture of the oocytes, expanded cumulus cells were removed from COCs by gentle pipetting 

in 400 µl drop of 0.1% hyaluronidase containing TCM-HEPES medium. Denuded oocytes were washed 3 

times with PBS and fixed with 4% paraformaldehyde for 15 min. For Hoechst staining, fixed oocytes 

were stained with 10 μg/mL Hoechst 33342 in PBS. The stained nucleus configuration of oocytes was 

observed and evaluated using fluorescent microscopy (Nikon). The stage of the oocytes was classified as 

one of the 2 meiotic stages: germinal vesicle breakdown (GVBD) and metaphase II (MII). 
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Parthenogenetic activation 

After IVM, maturated oocytes were stripped of their cumulus cells by incubation in 1 mg/ml 

hyaluronidase and gentle pipetting as described above. Denuded oocytes were washed with 

TCM199 containing 25 mM Hepes (Gibco) supplemented with 1% PFF and electrically activated 

with two pulses of 60 V/mm for 40 μs, delivered by a BTX Electro Cell Manipulator 2001 (BTX, 

San Diego, CA, USA) in a 0.5 mm chamber containing 0.3 M mannitol (Sigma), 0.05 mM CaCl2 

(Sigma), 0.1 mM MgSO4 (Sigma) and 0.1% bovine serum albumin (BSA) (Sigma). After 

washing with porcine zygote medium (PZM-5) (108 mM NaCl (Sigma), 25.07 mM NaHCO3 

(Sigma), 10 mM KCl (Sigma), 0.35 mM KH2PO4 (Sigma), 0.4 mM MgSO4-7H2O (Sigma), 2 

mM Ca(lactate)2-H2O (Sigma), 0.2 mM Na-pyruvate (Sigma), 2 mM L-glutamine (Sigma), 5 

mM hypotaurine, 2% EAA (50X) (Sigma), 1% NEAA (100X) (Sigma), 0.05mL/L gentamicin 

(gibco), and 3 mg/mL bovine serum albumin (Sigma)) the oocytes were incubated in the 

presence of 5 μg/ml cytochalasin B in PZM-5 for 3 hours to prevent second polar body extrusion 

thus generating diploid parthenogenetic embryos. 

In vitro fertilization (IVF) 

Denuded oocytes were first placed in a 90 µl modified Tris Base Medium (mTBM) drop (20 

oocytes/drop): fertilization medium containing 113.1 mM NaCl (Sigma), 3 mM KCl (Sigma), 20 

mM Tris (Fisher), 11 mM Glucose (Sigma), 5 mM Na-pyruvate (Sigma), 7.5 mM CaCl2-2H2O 

(Sigma), and 0.1% Phenol Red (Sigma). Fresh semen for IVF was collected from UC Davis 

swine facility and transported to the lab. 100 µl of semen was added to a tube containing 1.9 ml 

of mTBM and centrifuged twice at 72 x g for 3 min, and the spermatozoa pellet was resuspended 

in 1 ml of mTBM. Resuspended spermatozoa were counted and diluted to 2 x 106 cells/ml. 10 µl 
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of diluted sperm was added to the denuded oocytes drops (20,000 spermatozoa/drop) and co-

cultured for 5-6h. 

In vitro porcine embryo culture (IVC) 

All the embryos produced from IVF and parthenogenesis procedures were cultured in 500 µl 

drops of PZM-5 (50 embryos per drop) at 38.5 °C in a humidified atmosphere of 5% CO2, 5% 

O2, and 90% N2 for 7–8 days. The embryo cleavage rate and the blastocyst rate were observed 

on day 2 and on day 5-8 after embryo production, respectively. 

Statistical analysis 

All data presented here were analyzed by one-way ANOVA using GraphPad Prism 8.0.1 

(GraphPad, San Diego, CA, USA). Values from at least 3 replicates of each experiment are 

means±standard error of the mean. Probability values less than 0.05 (P < 0.05) were considered 

to be statistically significant. 
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Results 

Effects of different hormonal treatments on porcine oocyte in vitro nuclear maturation 

To test the length of hormonal treatment effects on maturation of pig oocytes from 

slaughterhouse-derived prepubertal gilt ovaries, two chemically defined porcine maturation 

media that are commonly used were compared (Table 2-1 and 2-2). After recovery, oocytes were 

separated into two experimental groups, 22h hormone treatment and 44h hormone treatment 

groups. After 20-22h and the end (40-44h) of IVM, oocyte expansion, which is an essential 

indication of oocyte maturation, was examined. Between the groups, there was no visual 

differences in cumulus expansion (Figure 2-1A). At the end of IVM, denuded oocyte nuclei were 

stained with Hoechst to evaluate nuclear maturation. Around 40-50 presumptive matured oocytes 

from each group were selected and stained. Nuclei-stained oocytes were then classified in one of 

three categories, matured (MII), not matured, and geminal vesicle breakdown (GVBD) stage (the 

oocyte nucleus dissolution) (Figure 2-1B). Analysis of oocyte maturation based on the Hoechst 

staining revealed that 20-22h of FSH, LH, and cAMP treatment had 79.6% and 40-44h of FSH 

and LH treatment had 76.27% matured, and there was no significant difference on oocyte nuclear 

maturation between two different maturation media (Figure 2-1C). Interestingly, a significantly 

different number of oocytes from 40-44h of FSH and LH treatment group was at GVBD stage 

after 44h of maturation (Figure 2-1D). 

Hormonal IVM treatment effects on embryo development 

Even though there was no significant difference between the hormonal treatment groups 

with respect to maturation, we sought to determine if embryo development was impacted by 

different IVM conditions. Due to the limitations of porcine embryo production through in vitro 
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fertilization, we first examined the embryos produced by parthenogenesis. After parthenogenetic 

activation, parthenotes were first observed around 30h post activation (hpa) for cleavage. 

Cleavage rates were 67.09% after 40-44h of FSH and LH treatment and 49.05% after 20-22h of 

FSH, LH, and cAMP treatment (Figure 2-2A). The blastocyst rates of the parthenotes were 19.51% 

after 40-44h of FSH and LH and 16.65% for the 20-22h of FSH, LH, and cAMP treatment group. 

Numerically, the 20-22h hormone treatment group had lower cleavage and blastocyst rates, but 

they were not significantly different from each other (Figure 2-2B).  

Next, we tested the effects of length of supplemental hormonal exposure during porcine 

IVM on development of parthenogenetically activated embryos and IVF-derived embryos from 

the same batch of ovaries. Again, embryos from parthenogenesis had similar blastocyst rates in 

both experimental groups, but 40-44h of FSH and LH treatment group had a numerically higher 

development (36.77%) than the limited hormone exposure (30.47%) (Figure 2-2C). However, 

IVF-derived embryos exhibited the opposite trend. When oocytes were treated with FSH and LH 

for 40-44h, embryos produced by IVF had a 6.35% blastocyst rate whereas the 20-22hr hormone 

treatment group had a 15.95% blastocyst rate, again, developments were not significantly 

different (Figure 2-2D).  

Effects of IVM media components on IVF embryo development 

Since maturation is an important step for embryo competence/development and further 

for embryo involved experiments such as gene modification through CRISRP/Cas9 system, 

many studies have tried to develop a defined IVM culture media. One of the recent studies 

reported that the addition of three cytokines, fibroblast growth factor 2 (FGF2), leukemia 

inhibitory factor (LIF), and insulin-like growth factor 1 (IGF1), so called ‘FLI’ media, to a 

conventional defined porcine maturation medium improved the efficiency of blastocyst rates by 
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twofold after in vitro fertilization158. To test the effects of the cytokines on IVF-derived embryo 

development, we compared two IVM media, the one used in the previous comparison (22h 

hormone treatment with cAMP) and the FLI medium (Table 2-2). 22h after IVM, COCs 

morphologies were observed for their expansion, but there was no notable difference between the 

two experimental groups (Figure 2-3A). Forty-eight hours after IVF, the embryo cleavage rates 

were recorded. Both groups had similar cleavage rates, the cAMP group had 54% and FLI group 

had 55% (Figure 3-3B). However, their blastocyst rates seemed to be impacted by the maturation 

media components. The embryos from cAMP maturation medium had 17% blastocyst rate 

whereas the ones from FLI medium had a significantly lower blastocyst rate at 9% (Figure 3-3C). 
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Discussion 

The overall goal of this study was to optimize the production of porcine embryos by 

comparing and optimizing in vitro pig oocyte maturation since a successful in vitro embryo 

production protocol with high efficiency is needed for the generation of porcine offspring159. In 

addition, a robust and defined porcine embryo culture condition could offer a firm foundation for 

further studying the roles of genes that are related to human diseases. This study demonstrated 

the effects of different length of hormonal treatments on porcine oocyte maturation and, 

ultimately, embryo developments after either activation or IVF. In addition, comparison of 

different maturation media for IVF revealed that the cAMP containing IVM medium 

outperforms FLI medium when it comes to development to the blastocyst stage.  

Different length of hormone treatments on porcine oocyte nuclear maturation had no 

effect. However, oocytes matured for 44h with LH and FSH had an increased number of GVBD-

staged oocytes. This might have to do with unsynchronized nuclear and cytoplasmic oocyte 

maturation 160–162. Previous reports claimed that the role of cAMP is crucial for maintaining 

meiotic arrest 140,163. In the present study, addition of cAMP in maturation medium for the first 

22h and deprivation of all the hormones for the last 22h may better control oocyte 

synchronization rather than 44h exposure to LH and FSH. Still, there were some factors that are 

important for oocyte maturation in porcine follicular fluid, but their effects could be minimal. 

Having the same or similar nuclear maturation rates from both IVM media might explain why 

oocytes matured from both have a similar potential to resume meiosis and thus advance to MII 

stage. 

In parthenotes, cleavage and blastocyst rates were not different between treatments with 

different lengths of hormone exposure indicating that the developmental competence was 
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comparable regardless of the length of hormone exposure. However, one notable fact is that the 

parthenogenetic activation procedure used in this study requires electrical current, which mimics 

the intracellular Ca2+ oscillation patterns in the fertilization process164,165, so they can be induced 

to resume DNA replication. In this regard, there is a possibility that the surrounding materials 

could flow into the cells and interfere with cellular mechanism after parthenogenesis and, thus, 

affect embryo development. In the parallel comparison between the different IVM media on 

activated and IVF embryo development, the number of parthenogenetically activated embryos 

advancing to the blastocyst stage is higher than for IVF-derived embryos suggesting that porcine 

IVF may be impeded by mechanisms such as polyspermy, and excessive acrosome reaction of 

spermatozoa surrounding the oocytes at the fertilization166 and the use of fertilization condition 

that do not provide the proper microenvironment for fertilization167. Interestingly, 22h of FSH, 

LH, and cAMP treatment seemed to positively affect IVF produced embryo blastocyst rates since 

the blastocyst rate was more than double (15.95%) compared to that in 44h of FSH and LH 

treatment group (6.35%) even though increasing experimental replicates could provide more 

information. We speculate that addition of cAMP could potentiate factors that are responsible for 

proper fertilization and promote a more active metabolic state of the COCs168, and this might 

have led to an enhanced embryo developmental potential. 

This study also explored the effects on porcine oocyte maturation of three cytokines, 

fibroblast growth factor 2 (FGF2), leukemia inhibitory factor (LIF), and insulin-like growth 

factor 1 (IGF1), that were found to increase the efficiency of porcine oocyte IVM, embryo 

development, and ultimately, the farrowing number of gene-edited piglets after embryo 

transfer158. Visual examination of COC expansion at 21-22h of IVM showed that there were no 

morphological differences, nor differences in cleavage rates 48h post IVF. Strikingly, the 
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blastocyst rate from the FLI medium group was significantly decreased level (9%) compared to 

the cAMP group (17%), which is contrary to the previous report. It is necessary to consider why 

the embryos from FLI matured oocytes had a low blastocyst rate, with one explanation being that 

the addition of a single chemical, cAMP, to porcine IVM medium may be enough to enhance the 

developmental potential of in vitro fertilized embryos to the blastocyst stage. Other factors that 

might have affected the results could be a slight difference in the maturation media components, 

different IVM/IVF/IVC procedures between the labs, or different oocytes or semen samples from 

different breeds.  

In conclusion, we demonstrated pig oocyte maturation rates from commonly used IVM 

media and their effects on the porcine embryo development. We found that 44h hormone 

treatment with FSH and LH and 22h hormone treatment with FSH, LH, and cAMP did not affect 

overall oocyte nuclear maturation or embryo development, but the presence of GVBD-staged 

oocytes was higher in 44h of FSH and LH treatment group. Comparison between cAMP IVM 

medium and FLI IVM medium showed that their visual COC expansions during maturation and 

cleavage rates were not affected, but the embryos produced from FLI-matured oocytes had a 

significant decrease on their capacity to advance to the blastocyst stage. As we have seen in the 

results in which differences on the porcine maturation components could possibly affect the 

embryo competence and development, further studies are still needed to optimize procedures of 

porcine IVM/IVF system to create a robust protocol. 
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Table 2-1. Composition of porcine oocyte maturation medium for 44-hour hormone treatment 

 

Table 2-2. Composition of porcine oocyte maturation medium for 22-hour hormone treatment 

 

 

 

Components Concentration

TCM199 

Cysteine 0.5mM

Sodium Pyruvate 0.91mM

D-Glucose 3.05mM

FSH 0.5mg/mL

LH 0.5mg/mL

EGF 10ng/mL

PVA 0.1%

pFF 10%

Sigma P8135

National Hormone & Peptide Program (NHPP)

Sigma E9644

Slaughterhouse-derived ovaries

Sources

Sigma M2154

Sigma C7352

Sigma P4562

Sigma G6152

National Hormone & Peptide Program (NHPP)

Components Sources Concentration

TCM199 Sigma M2154

Cysteine Sigma C7352 0.5mM

Sodium Pyruvate Sigma P4562 0.91 mM

D-Glucose Sigma G6152 3.05 mM

FSH National Hormone & Peptide Program (NHPP) 0.5 mg/mL

LH National Hormone & Peptide Program (NHPP) 0.5 mg/mL

EGF Sigma E9644 10 ng/mL

PVA Sigma P8135 0.1%

pFF Slaughterhouse-derived ovaries 10%

Standard Solution (STD)

Components Sources Concentration

STD Solution

cAMP Sigma D0260 1mM

First 22-hour Maturation

Components Sources Concentration

TCM199 Sigma M2154

Cysteine Sigma C7352 100 μg/mL

Sodium Pyruvate Sigma P4562 0.91 mM

D-Glucose Sigma G6152 3.05 mM

EGF Sigma E9644 100 ng/mL

pFF Slaughterhouse-derived ovaries 10%

Last 22-hours Maturation
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Figure 2-1. Different hormonal treatment effects on porcine oocyte nuclear maturation. (A) 

Morphological appearances of oocytes differently treated with either FSH and LH (left) or FSH, 

LH, and cAMP (right). Pictures were taken at 22h of IVM. (B) Identification of porcine oocyte 

nuclear maturation through Hoechst33342 staining. Stained oocytes were classified as matured 

(far left column), not matured (middle column), and GVBD stage (far right column). Top panels 

show Hoechst staining and bottom panels show brightfield. (Total of 255 oocytes assessed) (C) 

Quantification of nuclear maturation based on the staining. (D) Quantification of GVBD-staged 

oocytes from two experimental groups. * P < 0.05. Error bars indicate the SEM of triplicate 

analyses. 
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Figure 2-2. Different hormonal treatment effects on porcine embryo developments. (A) 

Cleavage rates of parthenogenetically activated embryos from oocytes matured in either 44h 

treatment with FSH and LH or 22h treatment with FSH, LH, and cAMP. (B) Blastocysts rates of 

activated embryos from two different treatment groups. (C) Blastocyst rates from parthenotes 

and (D) Blastocyst rates from IVF-derived embryos. Parthenotes and IVF embryos were 

generated from same batch of oocytes. 
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Figure 2-3. Comparison of control (cAMP) and FLI maturation media. (A) Morphological 

comparison between two media at 22h of IVM. (B) Cleavage rates from two groups on day 2 

post IVF. (C) Blastocyst rates from two groups. (D) Developing porcine IVF embryos on day 5. 

(left) embryos from control (cAMP) matured oocytes and (right) embryos from FLI matured 

medium.  
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Table 2-3. Composition of porcine oocyte maturation medium supplemented with fibroblast 

growth factor 2 (FGF2), leukemia inhibitory factor (LIF), and insulin-like growth factor 1 (IGF1). 

 

 

 

  

Components Concentration

TCM199 

Cysteine 0.5mM

Sodium Pyruvate 0.91mM

D-Glucose 3.05mM

FSH 0.5mg/mL

LH 0.5mg/mL

EGF 10ng/mL

PVA 0.1%

pFF 10%

Human FGF2 40ng/mL

Human LIF 20ng/mL

Human IGF1 20ng/mL

Slaughterhouse-derived ovaries

PEPROTECH 100-18B

PEPROTECH 300-05

PEPROTECH 100-11R3

Sigma G6152

National Hormone & Peptide Program (NHPP)

National Hormone & Peptide Program (NHPP)

Sigma E9644

Sigma P8135

Sources

Sigma M2154

Sigma C7352

Sigma P4562
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CHAPTER 3 

Microinjection of CRISPR/Cas9 into porcine zygotes 

Abstract 

Gene-editing technology with programmable nucleases transformed biomedical research. 

Microinjection of CRISPR/Cas9 into zygotes enabled highly efficient production of knockout 

livestock animals for studying the roles of genes during development and relevant human 

diseases. Neurogenin 3 (NGN3), a member of basic helix-loop-helix transcription factor family, 

is involved in the determination of pancreatic endocrine cells (islets) during embryonic 

development. In the present study, we applied CRISPR/Cas9 genome editing technology to 

porcine single-cell embryos to optimize microinjection condition to provide a high mutation 

efficiency. Here, we designed three guide RNAs (gRNAs) targeting different regions of porcine 

NGN3 exon 2 and identified a working gRNA. Then, we compared the effects of Cas9 mRNA 

and protein on the mutation efficiency and saw a higher mutation rate in embryos injected with a 

combination Cas9 mRNA and protein (78.57%). Also, different types of CRISPRs were explored. 

When porcine embryos were injected with gRNA along with both Cas9 mRNA and protein, 

synthetic gRNA showed the highest mutation rate (72.22%) compared to in vitro produced 

gRNA and two-part cr/tracr gRNA types. This study demonstrated that the microinjection of 

gRNA and Cas9 mRNA and protein resulted in the highest mutation rates on pig NGN3 gene, 

with the synthetic gRNA having the highest mutation rates. 
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Introduction 

Diabetes mellitus is one of the most dangerous and threatening diseases to human health 

worldwide. The disease causes include a loss of insulin production or secretion from beta cells in 

pancreas or a decrease in sensitivity to circulating insulin. With the absence of a specific cure 

and a shortage of pancreas donors, a handful of therapeutic options are available. Human islet 

transplantation has been an option for severe type 1 diabetic patients due to the ease of procedure 

and its reduced invasiveness compared with whole pancreas transplantation169,170. Although 

human islet transplantation has become an alternative method to alleviate the disease, still, the 

procedure requires many islet cells (about 1,000,000 islet cells/patient) for achieving successful 

results (long-term normoglycemia). This requirement for such large numbers of islet cells 

reduces the practicality of islet cell transplantation as a therapy. Other promising alternatives 

include in vitro differentiated beta cell-like embryonic stem cells, induced pluripotent stem cells, 

and primary cells that can functionally produce insulin in response to glucose stimulation171–176. 

Although these alternative sources are being tested in mice and humans177,178, maturation of these 

alternative cells to full functionality is still elusive. 

Neurogenin 3 (NGN3) is the gene which is responsible for generating pancreatic 

endocrine cells (islets of Langerhans) during embryonic development in mice. Knockout (KO) of 

mouse NGN3 resulted in deficiency of all four types of islets, thus, leading to development of 

diabetes and death 2-3 days after birth179. In addition, a recent study has shown that 

CRISPR/Cas9-induced NGN3 KO in pigs also resulted in loss of pancreatic endocrine hormones, 
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glucagon, insulin, somatostatin, and pancreatic polypeptide, which are produced by alpha, beta, 

delta, and gamma cells, respectively. KO newborn piglets further showed extreme weight loss 

possibly because of diabetes after 24-36 hours179. 

Clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR associated 

protein 9 (Cas9), is more affordable, easier to engineer, and more efficient than other genome 

editing tools. This system was adopted from prokaryote’s adaptive immune system where it uses 

a guide-RNA (gRNA) /protein complex with sequence-specific nuclease activity. The gRNA of 

CRISPR system base pairs with the target DNA sequence and creates binding specificity180. 

Then, protospacer adjacent motif (PAM) sequence is recognized by the Cas9 nuclease, and this 

gRNA/protein complex creates a double strand break in the target DNA sequence. These DNA 

breaks can lead to either an error-prone non-homologous end joining (NHEJ) repair or highly 

accurate homology-directed repair (HDR) at the target region. The NHEJ mechanism often 

causes insertions or deletions (indel) at the target region, frequently leading to a disrupted protein 

coding sequence and inactivation of the gene of interest. This system has become a useful gene 

editing tool that can add or delete certain parts of the genome and is now being widely used for 

generating KO animals2,181. 

Large livestock animals such as cattle, sheep, and pigs emerged as more relevant host 

animals for human cells and organs. Among these species, pigs have long been the favored 

candidate for xenotransplantation not only because of  the ample supply of cells but also due to 

similar anatomy (organ size and blood vessel distribution) and physiology to humans182–184. 

Furthermore, a recent study revealed that genetic expression level of pig pancreas development 

during gestation is more similar to human than that of mice131. Together with the rapid advance 
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of CRISPR/Cas9 genome editing technology and a promising potential for generating human 

disease models185, pig disease models have importance in regenerative medicine field. 

Most CRISPR/Cas9 studies used direct cytoplasmic microinjection into oocytes or 

zygotes to produce knockout (KO) animals. Previously, we have successfully disabled pancreas 

development by disrupting PDX1 (Pancreatic and Duodenal Homeobox1) in pigs77, and sheep43. 

Normally, frequent insertion/deletions (indels) can be seen in the embryos that were injected 

with CRISPR/Cas9 components, however, results can have various outcomes depending on the 

target genes (locus), the gene-editing components, and the experiment conditions. To this end, 

we first design three in vitro transcribed gRNAs targeting porcine NGN3 exon2, compared 

effectiveness of Cas9 mRNA and protein, and finally compared mutation efficiency of three 

different types of gRNAs in porcine embryos. 
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Materials and Methods 

Oocyte collection and maturation 

Oocytes were aspirated from antral follicles (3–6 diameters) from prepubertal gilt ovaries 

collected at a local slaughterhouse (Olson Meat Company, Orland, CA, USA). Cumulus oocyte 

complexes (COCs) were washed in TCM199-HEPES buffered medium (Sigma) Maturation 

medium was made by adding 0.1% PVA, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 

0.5 μg/ml porcine FSH (pFSH), 0.5 μg/ml porcine LH (pLH), 10 ng/ml EGF, 10 μg/ml 

gentamicin (Gibco) and 10% porcine follicle fluid (PFF). COCs were cultured at 38.5°C in a 

humidified incubator containing 5% CO2 for 40-44h. 

Parthenogenetic activation 

After IVM, matured oocytes were stripped of their cumulus cells by incubation in 1 mg/ml 

hyaluronidase in TCM199-HEPES and gentle pipetting. Denuded oocytes were washed with 

TCM199 containing 25 mM Hepes (Gibco) supplemented with 1% PFF and electrically activated 

with two pulses of 60 V/mm for 40 μs, delivered by a BTX Electro Cell Manipulator 2001 (BTX, 

San Diego, CA, USA) in a 0.5 mm chamber containing 0.3 M mannitol, 0.05 mM CaCl2, 0.1 mM 

MgSO4 and 0.1% bovine serum albumin (BSA). After washing with PZM-5, the oocytes were 

incubated in the presence of 5 μg/ml cytochalasin B in PZM-5 for 3 hours to prevent second 

polar body extrusion thus generating diploid parthenogenetic embryos. 

In vitro porcine embryo culture (IVC) 

All the embryos produced from the parthenogenesis procedure were cultured in 70 µl drops of 

PZM-5 medium (35 embryos per drop) covered with mineral oil (Sigma-Aldrich) at 38.5 °C in a 

humidified atmosphere of 5% CO2, 5% O2, and 90% N2 for 5-7 days. The embryo cleavage rate 
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and the blastocyst rate were observed on day 2 and on day 5-8 after embryo production, 

respectively. 

sgRNA design  

We used the online software (MIT CRISPR Design Tool: http://crispr.mit.edu) to design 

sgRNAs targeting the sequence of pig NGN3 gene. The gRNA or CRISPR/Cas9 target sequences 

(20 bp target and 3 bp PAM sequence: underlined) used in this study were:  

gRNA1: 5′- gcccagccccactcgcgtaccgg-3′ 

gRNA2: 5′- cggcgttggatgcgctgcgcggg-3′ 

gRNA3: 5′- gacgcaaacgctgcgcctagcgg-3′ 

Single embryo CRISPR/Cas9 microinjection 

Presumptive zygotes were transferred into a 50μL drop of SOF-HEPES medium and placed on 

an inverted microscope (Nikon, Tokyo, Japan) fitted with micromanipulators (Narishige, Tokyo, 

Japan). A mixture of Cas9 mRNA (Sigma-Aldrich)/Cas9 protein (PNAbio) and sgRNA was 

loaded in a blunt-end micropipette with a 5–7 μm internal diameter (ID) connected to a manual 

hydraulic oil microinjector (Eppendorf, Hamburg, Germany). Zygotes were secured by a holding 

pipette and a laser (Saturn 5, RI, UK) was used to create a hole in the zona pellucida. The 

injecting pipette was advanced into the zygote and cytoplasm was aspirated until the plasma 

membrane was broken and then the Cas9/sgRNA mixture was delivered into the cytoplasm. 

Groups of 15–25 zygotes were manipulated simultaneously, and each session was limited to 

20min. After microinjection, the zygotes were returned to culture as described. 

Single embryo genotyping 
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Genomic DNA derived from single blastocysts was prepared for use as a PCR template. 

Blastocysts were lysed in lysis buffer (Epicentre) and incubated at 65 °C for 6 minutes and 98 °C 

for 2 minutes. The resulting DNA solution was stored at −20 °C until use. DNA samples were 

analyzed by performing two rounds of PCR using GoTaq Hot Start Green Master Mix 

(PROMEGA) with specific primers for NGN3 sequences in pig. 

(F: 5′-CGCCCTAAAACGAGGTAACA-3′; R: 5′-GGAGGAACAAGTACGCCTGA-3′).  

The PCR conditions were 95 °C for 3 min, followed by 34 cycles of 95 °C for 30 sec, 58 °C for 

40 sec, 72 °C for 45 sec, and a final step of 72 °C for 5 min. PCR products were subjected to gel 

electrophoresis and DNA bands were cut and purified using QIAquick Gel extraction kit 

(QIAGEN). Amplicons were Sanger sequenced by Genewiz (https://www.genewiz.com). 

Statistical analysis 

All data presented here were analyzed by one-way ANOVA using GraphPad Prism 8.0.1 

(GraphPad, San Diego, CA, USA). Values from at least 3 replicates of each experiment are 

means±standard error of the mean. Probability values less than 0.05 (P < 0.05) were considered 

to be statistically significant. 
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Results 

Validation of functional porcine NGN3 targeting gRNA 

To identify CRISPRs that work on the target sites of pig NGN3 gene, three gRNAs (in 

vitro transcribed) targeting different regions of exon 2 were designed (Figure 3-1A). We first 

injected tetramethylrhodamine-labeled dextran in pig embryos to verify the method as described 

previously93 and observed that all the injected embryos emitted signals (Figure 3-1B). Since 

previous studies claimed that microinjection of a multiplex of CRISPR guides into zygotes had 

the best chances of disabling gene function by generating large deletions, different combinations 

of in vitro transcribed (IVT) gRNAs were first tested. Nine hours after parthenogenetic activation, 

pronuclei (PN) stage embryos were injected with combinations of gRNA1+gRNA2, 

gRNA2+gRNA3, and gRNA1+gRNA3 (100 ng/μl total gRNA concentration for all 3 groups) 

along with Cas9 mRNA (200 ng/μl). All the injected embryos were then cultured until the 

blastocyst stage for genotyping. Blastocysts rates seemed somewhat decreased throughout the 

injected groups compared with the control group, but their means of blastocyst development 

were not significantly affected by microinjection (Figure 3-1C). Sequence analysis for mutations 

at the target sites revealed that insertion/deletion (indels) rates were 12.5% for gRNA1+gRNA2, 

25% for gRNA2+gRNA3, and 0% for gRNA1+gRNA3 combinations. Further regional mutation 

analysis showed that only gRNA2 target region carried indels indicating gRNA2 is a functional 

CRISPR (Figure 3-1D).  

Optimization of Cas9 injection into porcine embryos 

To further investigate whether Cas9 mRNA and protein have different effects on 

mutation rates caused by CRISPR/Cas9 microinjection, groups of porcine embryos were injected 

with gRNA2 (100 ng/μl) +Cas9 mRNA (200 ng/μl), gRNA2 (100 ng/μl) +Cas9 protein (200 
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ng/μl), and gRNA2 (100 ng/μl) +Cas9 mRNA (100 ng/μl) and protein (100 ng/μl). Indel analysis 

of individual embryos indicated that embryos injected with Cas9 mRNA had a 40% (6/15) 

mutation rate, Cas9 protein group had 53.85% (7/13) mutation rate, and embryos injected with 

Cas9 mRNA + protein had 78.57% (11/14) mutation rate (Figure 3-2A). Among those mutated 

embryos, their indel types were classified as monoallelic and biallelic. In Cas9 mRNA injected 

embryos, biallelic mutation rate was 17% and the rest were monoallelic. Cas9 protein injected 

group had 29% biallelic and 71% monoallelic indels. When Cas9 mRNA and protein were 

injected, the mutated embryos had 27% biallelic and 73% monoallelic mutations (Figure 3-2B). 

From this observation, the possibility that injection of multiple gRNAs injection might work on 

the target region with high mutation efficiency when both Cas9 mRNA and protein were injected. 

To evaluate this possibility, single embryo microinjection of dual gRNAs was performed with 

different combinations of gRNA1 (50 ng/μl) +gRNA2 (50 ng/μl), gRNA2 (50 ng/μl) +gRNA3 

(50 ng/μl), and gRNA1 (50 ng/μl) +gRNA3 (50 ng/μl) along with both Cas9 mRNA (100 ng/μl) 

and protein (100 ng/μl). Mutation analysis showed that gRNA1+gRNA2, gRNA2+gRNA3, and 

gRNA1+gRNA3 combinations had 42.5%, 32.5% and 0% indels, respectively. Again, the 

embryos carried mutations only when gRNA2 was involved. Confirmation of region-specific 

disruption also revealed that gRNA2 target region had a 50% mutation rate and gRNA3 region 

had a 10% which came from one embryo having a large deletion starting from gRNA2 region 

whereas gRNA1 region had a 0% mutation (Figure 3-2C).  

Microinjection of three types of gRNAs 

To further identify what type of gRNA would be the most effective on porcine NGN3 

disruption via microinjection, three different types of gRNAs, in vitro produced gRNA, two-part 

cr/tracr gRNA, and synthetic gRNA, were tested. Since the injection of both Cas9 mRNA and 
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protein along with CRISPR was proven to be highly effective, both Cas9 mRNA and protein 

were used for the experiments. Concentrations used for the microinjection were gRNA (100 

ng/μl): Cas9 mRNA (100 ng/μl) + protein (100 ng/μl) for all three groups. Indel analysis of 

single blastocysts by Sanger sequencing showed that IVT gRNA, two-part cr/tracr gRNA, and 

synthetic gRNA had 65.22% (15/23), 41.18% (7/17), and 72.22% (13/18) mutated embryos, 

respectively (Figure 3-3A). Among the mutated embryos, mutation types were 40% monoallelic 

and 60% biallelic for the IVT guide, two-part cr/tracr-derived mutations were 86% monoallelic 

and 14% biallelic, and synthetic gRNA-derived mutations were 62% monoallelic and 38% 

biallelic indels. (Figure 3-3B). 
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Discussion 

Efficient generation of homozygous KO porcine embryos is an important step for not 

only producing gene-edited founder animals but also studying functions of genes and currently 

incurable human diseases. Here, we employed CRISPR/Cas9 technology by microinjection of 

zygotes to explore the mutation efficiency by validating a gRNA sequence, comparison of Cas9 

mRNA and Cas9 protein, and comparison of three different types of gRNAs. Our data indicated 

that microinjection of single embryos did not significantly alter success of embryo development 

to the blastocyst stage although the rate in the injected groups was less than a half the rate of the 

non-injected group (Figure 3-1C). This may be due to either the high variability or the sample 

size was too small. However, this result is consistent with our previous finding that the 

microinjection procedure did not affect the blastocyst rates in bovine embryos93. The sequence 

analysis of PN stage CRISPR/Cas9 injected porcine blastocysts revealed that only gRNA2 of 

three gRNAs designed to target different regions of pig NGN3 exon 2 was able to disrupt the 

target site when CRISPR/Cas9 complex was injected into pig embryos (Figure 3-1D and 3-2E). 

This result coincides with other findings that the elements of different gRNA structures might 

have an impact on DNA cleavage efficiency186, purine residues in the last four nucleotides of 

gRNA seem to affect the gene editing efficiency187, and the nucleotide positions of the gRNA 

regions affect gRNA efficiency188. In addition, it might be possible that some specific locations 

of the target regions on the chromosome may not be accessible to the CRISPR/Cas9 complex 

due to structural characteristics and surrounding molecules. 

Comparison of Cas9 mRNA and protein microinjection indicated that injection of both 

Cas9 mRNA and protein along with a single gRNA had an average 86.37% mutation rate 

between experiments and 78.57% indel rate among sequenced embryos which is higher than the 
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other two groups that were injected with either Cas9 mRNA or Cas9 protein alone (Figure 3-2A 

and B). The differences observed between Cas9 mRNA and Cas9 protein groups are possibly 

due to a delay in gene editing as Cas9 mRNA needs time to be translated into protein prior to 

combining with the gRNAs to promote double strand breaks whereas Cas9 ribonucleoprotein 

(RNP) is readily available upon the injection procedure189. Higher mutation rate in both Cas9 

mRNA and protein injected group may be related to their availability, timing, and the half-life of 

the Cas9 activity. 

Three different types of gRNAs, IVT, two-part cr/tracr gRNA, and synthetic gRNA had 61.25%, 

47.75%, and 71.68% mean mutation rates, respectively (Figure 3-3A). Having relatively lower 

mutation rate in two-part cr/tracr gRNA injected embryos could be explained as this specific 

gRNA requires an additional ‘annealing’ preparation step to fuse CRISPR RNA with trans-

activating RNA prior to its use. Unlike cr/tracr gRNA, IVT and synthetic gRNAs are present as a 

single structure. The additional annealing step required for two-part cr/tracr gRNA might have 

negatively affected its indel rates since not all the CRISPR components could be fused with each 

other; the strength of the annealed state might be another factor. 

In this study, the single embryo manipulation does not significantly affect development, 

however, the method needs to be improved to obtain enough gene-modified embryos for 

generation of live piglets since pig embryo transfer requires at least 50 cleaved embryos per 

recipient190,191. Furthermore, applying microinjection to in vitro fertilized (IVF) embryos may 

not be a preferable method for producing enough gene-edited embryos because of the lengthy 

and laborious procedure such as timing of injection before DNA replication that potentially 

affects experimental outcomes (e.g. mosaicism) and low porcine embryo developmental rate 

135,167. Thus, optimizing an efficient CRISPR/Cas9 genome-editing protocol through 
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microinjection for porcine embryos is crucial for obtaining sufficient gene-modified embryos 

and saving time, resources, and labor. Here, we demonstrated that the use of a single gRNA was 

able to efficiently generate indels on target region of porcine NGN3 gene. In addition, 

microinjection of both Cas9 mRNA and protein along with gRNA2 had higher mutation rate 

compared to Cas9 mRNA group or Cas9 protein group. Comparison of three different types of 

gRNAs injected with Cas9 mRNA and protein showed that synthetic sgRNA displayed highest 

indel rate among three groups. Future studies need to confirm the microinjection method that we 

have optimized here to verify its mutation efficiency for other porcine genes. 
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Figure 3-1. Validation of gRNAs targeting porcine NGN3 gene. (A) Schematic diagram of pig 

NGN3 gene structure and designed gRNAs. (B) Visualization of embryos injected with 

tetramethylrhodamine-labeled dextran. (C) Blastocyst rates of CRISPR/Cas9 microinjected 

embryos. (D) (left) Mutation rates of different gRNAs combination injected embryos. (right) 

Analysis of regional disruption rates on the target site. Parenthesis represents number of mutated 

embryos out of total assessed embryos. 
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Figure 3-2. Comparison of Cas9 mRNA and protein in microinjection. Mutation analysis of 

single blastocysts. (A) mean mutation rates between experiments. (B) number of embryos 

carrying indels out of total assessed embryos. (C) Diagram of indel types in Cas9 injected groups. 

(D) Mutation rates of different gRNA combinations with Cas9 mRNA and protein injected 

embryos (E) (left) Number of mutated embryos among total assessed embryos in three gRNA 

combination groups. (right) Analysis of regional disruption rates on the target site. Parenthesis 

represents number of mutated embryos out of total assessed embryos.  
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Figure 3-3. Comparison of different types of gRNAs microinjection. Mutation analysis of 

single blastocysts. (A) number of embryos carrying indels out of total assessed embryos. (B) 

Diagram of indel types in different gRNA injected groups. Parenthesis represents number of 

mutated embryos out of total assessed embryos. (C) Representative sequences taken from 

embryos injected with synthetic gRNA and Cas9 mRNA and protein showing (from top to 

bottom) a single monoallelic insertion, a single biallelic insertion, mixed indels harboring a small 

deletion and insertions, and a biallelic deletion on the target region. 
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CHAPTER 4 

CRISPR/Cas9 delivery by electroporation 

Abstract 

The CRISPR/Cas9 gene editing technology has been widely used to generate knock-out 

(KO) livestock. However, CRISPR/Cas9-mediated editing of embryos through conventional 

microinjection has raised concerns including presence of mosaicism and off-target mutations. 

Although a newer method, electroporation, was proposed as an easy and fast procedure 

compared to single embryo injection, its gene-editing efficiency and effectiveness in the 

developing embryos regarding mosaicism and off-target effects is still elusive. Here, we 

optimized the electroporation condition to effectively introduce CRISPR/Cas9 in porcine zygotes 

and evaluate its effects on mosaicism and off-target effects. We designed a synthetic guide-RNA 

targeting neurogenin 3 (NGN3) and observed a gradual increase in the mutation rates as embryos 

were electroporated with increasing (5 ng/μl to 25 ng/μl) concentrations of gRNA and Cas9 

protein (1:2 ratio) without compromising embryo development. Additionally, mosaicism results 

by PacBio data showed that increasing the concentration of CRISPR/Cas9 introduction using 

electroporation tends to gradually decrease the allele numbers (mosaicism) in an embryo. Our 

analysis of the seven most likely off-targets indicated that little to no unintended off-target indels 

were observed when the potential optimal CRISPR/Cas9 concentration (25 ng/μl) electroporation 

parameter was used. This study showed that the use of electroporation procedure resulted in a 

very high mutation efficiency and a decreased mosaicism with a CRISPR/Cas9 concentration 

condition of 25 ng/μl:50 ng/μl. In the future, a combination of CRISPR/Cas9 genome editing and 

human pluripotent stem cells (PSCs) could be a firm foundation for studying incurable diseases. 
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Introduction 

Pigs have been an attractive candidate for studying human diseases due to their 

similarities to humans in organ size, physiology, genetics131,192,193 and for xenotransplantation194. 

Several studies have successfully generated genetically engineered pig models to scrutinize 

human diseases such as cancer195, muscular dystrophy196, hyperlipidemia197,198, and 

immunodeficiency199. These transgenic pig models were created by somatic cell nuclear transfer 

(SCNT) from genetically modified fibroblasts; however, this technique is very difficult and 

inefficient. 

Since recent rapid advances of gene-editing technology using clustered regularly 

interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9) has enabled 

a relatively fast and easy generation of genetically engineered animals such as mouse3 and 

livestock animals4,30,32,36,53,55, the technique has become an efficient tool to edit and introduce 

useful genetic information in any given DNA sequences. However, the majority of studies used 

direct cytoplasmic microinjection to deliver CRISPR/Cas9 into the embryos which is a time 

consuming and laborious process that limits the number of embryos that can be treated during a 

short period of time. Furthermore, several studies have demonstrated that microinjection of 

CRISPR/Cas9 into the zygotes frequently results in genetic mosaicism in mice108,200, cattle38, and 

pigs201. In addition, unintended off-target effects caused by Cas9 activity have been an issue for 

creating founder livestock animals because they may lead to mutagenic insertions and deletions 

(indels) and chromosomal rearrangements202,203. 
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Alternatively, electroporation has been proposed as an efficient approach to introduce 

CRISPR/Cas9 components into zygotes/embryos due to its relatively undemanding process in 

which the embryos can be treated as a group with a single electric pulse setting compared to the 

conventional microinjection procedure45,94,95,99,103,204–207. In addition, some studies have shown 

that electroporation of a single gRNA with Cas9 protein in zygotes may reduce mosaicism46,99. 

However, the issues associated with mosaicism have not been resolved109,111,208. Since creation of 

founder animals with invariable phenotypes is difficult because of mosaicism and off-target 

effects caused by CRISPR/Cas9 system in the embryos, deciphering and optimizing the system 

to make ideal homozygotic mutants is desirable. 

Neurogenin 3 (NGN3) is responsible for generating pancreatic endocrine cells (islets of 

Langerhans) during embryonic development in mice and pigs. Knockout (KO) of mouse NGN3 

resulted in deficiency of all four types of islets, thus, leading to development of diabetes and 

death 2-3 days after birth179. In addition, a recent study has shown that CRISPR/Cas9-induced 

NGN3 KO in pigs also resulted in loss of pancreatic endocrine hormones, glucagon, insulin, 

somatostatin, and pancreatic polypeptide, which are produced by alpha, beta, delta, and gamma 

cells, respectively. KO newborn piglets further showed extreme weight loss possibly because of 

diabetes after 24-36 hours179. Efficient generation of NGN3 KO pigs using CRISPR/Cas9 system 

has a great potential for being a strong platform to study human-pig chimerism by adapting 

human pluripotent stem cells (PSCs) or induced pluripotent stem cells (iPSCs) in the future. 

Accordingly, multiple experimental factors should be adjusted to revamp the efficiency 

of achieving non-mosaic, homozygotic gene-edited founder pigs for advancing the use of 

CRISPR/Cas9 technology. Here, we introduced different concentrations of CRISPR/Cas9 (single 

gRNA along with Cas9 protein) by electroporation and revealed the mutation efficiency, levels 
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of mosaicism, and the off-target effects derived from next generation sequencing in porcine 

zygotes. 
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Materials and Methods 

Oocyte collection 

Oocytes were aspirated from antral follicles (3–6 diameters) from prepubertal gilt ovaries 

collected at a local slaughterhouse (Olson Meat Company, Orland, CA, USA). Cumulus oocyte 

complexes (COCs) were washed in TCM199-HEPES buffered medium (Sigma)  

In vitro maturation (IVM) 

For in vitro fertilization, COCs with two to three layers of cumulus cells were cultured in 

maturation medium at 38.5°C in a humidified incubator containing 5% CO2. Maturation medium 

was made by adding 1 mM dibutyryl cyclic AMP (Sigma), 0.1% PVA (Sigma), 3.05 mM D-

glucose (Sigma), 0.91 mM sodium pyruvate (Sigma), 0.5 μg/ml porcine FSH (pFSH), 0.5 μg/ml 

porcine LH (pLH), 10 ng/ml EGF (Sigma), 10 μg/ml gentamicin (Gibco) and 10% porcine 

follicle fluid. After 20-22 hrs of incubation, COCs were moved to maturation medium without 

cAMP, pFSH, and pLH for a further 20-22h. For parthenogenetic activation, maturation medium 

was made by adding 0.1% PVA, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.5 μg/ml 

porcine FSH (pFSH), 0.5 μg/ml porcine LH (pLH), 10 ng/ml EGF, 10 μg/ml gentamicin (Gibco) 

and 10% porcine follicle fluid (PFF). COCs were cultured at 38.5°C in a humidified incubator 

containing 5% CO2 for 40-44 hours. 

Parthenogenetic activation 

After IVM, matured oocytes were stripped of their cumulus cells by incubation in 1 mg/ml 

hyaluronidase and gentle pipetting. Denuded oocytes were washed with TCM199 containing 

25 mM Hepes (Gibco) supplemented with 1% PFF and electrically activated with two pulses of 

60 V/mm for 40 μs, delivered by a BTX Electro Cell Manipulator 2001 (BTX, San Diego, CA, 
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USA) in a 0.5 mm chamber containing 0.3 M mannitol, 0.05 mM CaCl2, 0.1 mM MgSO4 and 0.1% 

bovine serum albumin (BSA). After washing with PZM-5, the oocytes were incubated in the 

presence of 5 μg/ml cytochalasin B in PZM-5 for 3 hours to prevent second polar body extrusion 

thus generating diploid parthenogenetic embryos. 

In vitro fertilization (IVF)  

Denuded oocytes were first placed in a 90 µl mTBM drop (20 oocytes/drop). Fresh semen for 

IVF was collected from UC Davis swine facility and transported to the lab. For processing, 100 

µl of semen was added to a tube containing 1.9 ml of mTBM and centrifuged twice at 800 rpm 

for 3 min, and the spermatozoa pellet was resuspended in 1 ml of mTBM. Resuspended 

spermatozoa were counted and diluted to 2 x 106 cells/ml. 10 µl of counted sperm was added to 

the denuded oocytes drops (20,000 cells/drop) and co-incubated for 5-6 hours. 

Single guide RNA (sgRNA) design 

We used the online software (MIT CRISPR Design Tool: http://crispr.mit.edu) to design sgRNA 

targeting sequence of the pig NGN3 gene. The target sequence (20 bp target and 3 bp PAM 

sequence: underlined) used in this study is shown as follow: 

5′- CGTTGGATGCGCTGCGCGGG-3′ 

Electroporation and in vitro culture (IVC)  

Electroporation of CRISPR/Cas9 into porcine denuded oocytes (MII) and zygotes was performed 

using a NEPA21 Electroporator and CU500 Cuvette Adaptor (NEPAGENE, Ichikawa, Japan) 

after IVM and 9 hours post-insemination (hpi), respectively. Putative porcine zygotes were 

washed 3 times with Opti-MEM (Gibco). A total volume of 20 µl containing 10 µl of NGN3 

http://crispr.mit.edu/
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sgRNA (Synthego) and Cas9 protein (PNA Bio) adjusted to a 1:2 ratio and 10 µl of Opti-MEM 

was prepared. Then, zygotes were transferred into the drop and mixed with gentle pipetting. The 

whole drop with embryos and CRISPR/Cas9 was then moved in a 1mm cuvette and inserted in 

the CU500 cuvette adaptor. A total of 45-50 zygotes were electroporated for each procedure. 

Electroporation conditions were a transfer pulse of 30 Volts, 1 msec exposure, 100 msec pulse 

width (interval), 0% decay rate, and 10 pulses (bipolar) for the short exposure condition and a 

transfer pulse of 30 Volts, 3 msec exposure, 100 msec pulse width (interval), 0% decay rate, and 

12 pulses (bipolar) for the long exposure treatment. After electroporation, embryos were cultured 

in PZM-5 medium at 38.5°C in a humidified incubator containing 5% CO2. The embryo 

cleavage rate and the blastocyst rate were observed on day 2 and on day 5-7 after IVF, 

respectively. 

Preparation of DNA from a single blastocyst and genotyping  

Genomic DNA derived from single blastocysts was prepared for use as a PCR template. 

Blastocysts were lysed in lysis buffer (Epicentre) and incubated at 65 °C for 6 minutes and 98 °C 

for 2 minutes. The resulting DNA solution was stored at −20 °C until use. DNA samples were 

analyzed by performing two rounds of PCR using GoTaq Hot Start Green Master Mix (Promega) 

with primers specific to NGN3 sequences in pig (sequence below). 

(F: 5′-CGCCCTAAAACGAGGTAACA-3′; R: 5′-GGAGGAACAAGTACGCCTGA-3′).  

The PCR conditions were 95 °C for 3 min, followed by 34 cycles of 95 °C for 30 sec, 58 °C for 

40 sec, 72 °C for 45 sec, and a final step of 72 °C for 5 min. PCR products were subjected to gel 

electrophoresis and DNA bands were cut and purified using QIAquick Gel extraction kit 

(QIAGEN). Amplicons were Sanger sequenced by Genewiz (https://www.genewiz.com) 

https://www.genewiz.com)/
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Evaluation of mosaicism  

To analyze mosaicism rates, NGN3 PCR products from 30 IVF blastocysts and 27 

parthenogenetically activated blastocysts analyzed for genotyping were used. A dual round PCR 

was performed to barcode each sample using GoTaq Hot Start Green Master Mix (Promega). 

The same primers for genotyping the NGN3 gene were used with a 15 bp adapter sequence 

attached to the forward (AGATCTCTCGAGGTT) and reverse (GTAGTCGAATTCGTT) 

primers.  

The second round of PCR was performed to add the barcode sequence for each sample to 

identify reads for pooled sequencing (Table 2). PCR conditions were 95 °C for 3 min, followed 

by 15 cycles of 95 °C for 30 sec, 60 °C for 40 sec, 72 °C for 45 sec, and a final step of 72 °C for 

5 min for the first PCR and 30 cycles of 95 °C for 30 sec, 51 °C for 40 sec, 72 °C for 45 sec, and 

a final step of 72 °C for 5 min for the second. DNA purification of PCR products was performed 

using NucleoSpin Gel and PCR clean-up (Macherey-Naguel, PA, USA).  

PCR products were sequenced on a PacBio Sequel II sequencer by Genewiz, LLC (South 

Plainfield, NJ, USA). Consensus sequences were called, reads sorted by barcode and BAM 

converted to individual FASTQ files using SMRT Link v8.0.0.80529 

(https ://www.pacb.com/suppo rt/softw are-downl oads/). Reads were aligned to each target site 

using BWA v0.7.16a209 . SAM files were converted to BAM files, sorted and indexed using 

SAMtools v1.9210. CrispRvariants (GitHub-markrobinsonuzh/CrispRVariants) was used to 

analyze the sorted alignments. In the analysis, regions of approximately 20-bp either side of the 

predicted cut site were analyzed on the target gene (NGN3) and off-target sites. 

Off-Target Analysis  

https://github.com/markrobinsonuzh/CrispRVariants
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Seven regions of the genome of Sus Scrofa (Table 3) were selected as possible off-target points 

using Breaking-Cas software (BioinfoGP, CNB-CSIC, Spain). Fifteen IVF blastocysts 

electroporated with CRISPR/Cas9 ribonucleoprotein against NGN3 were used to evaluate off-

target mutations. DNA extraction was performed as described above. Primers for NGN3 and off-

target sequences were designed using Primer-Blast (NCBI, USA). To add a barcode in a final 

PCR, 15bp adaptor sequences were attached to the 5’ end of the forward 

(AGATCTCTCGAGGTT) and reverse (GTAGTCGAATTCGTT) designed primers. 

To sequence all regions from a single blastocyst, three-step PCR was performed using GoTaq 

Hot Start Green Master Mix (PROMEGA). For the first PCR, a multiplex PCR was performed 

using all primers. PCR conditions were 95 °C for 3 min, followed by 30 cycles of 95 °C for 

30 sec, 60 °C for 40 sec, 72 °C for 45 sec, and a final step of 72 °C for 5 min. 

For the second round, 1µl of first PCR product and only one pair of primers was used per tube. 

PCR conditions were 95 °C for 3 min, followed by 15 cycles of 95 °C for 30 sec, 60 °C for 40 sec, 

72 °C for 45 sec, and a final step of 72 °C for 5 min. Subsequently, a third PCR was performed to 

add the barcode sequence for each sample to identify reads for pooled sequencing (Table 2). 1µl 

of second PCR product was used. PCR conditions were 95 °C for 3 min, followed by 30 cycles 

of 95 °C for 30 sec, 51 °C for 40 sec, 72 °C for 45 sec, and a final step of 72 °C for 5 min. 

Statistical analysis 

All data presented here were analyzed by one-way ANOVA using GraphPad Prism 8.0.1 

(GraphPad, San Diego, CA, USA). Values from at least 3 replicates of each experiment are 

means±standard error of the mean. Probability values less than 0.05 (P < 0.05) were considered 

to be statistically significant. 
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Results 

Optimization of CRISPR/Cas9 introduction by electroporation 

To test the feasibility of electroporation in pig zygotes, two electroporation conditions 

(3ms: long exposure and 1ms: short exposure) were tested to assess membrane permeability 

(Figure 4-1A and D). Embryos were electroporated with tetramethylrhodamine-labeled dextran 

(3kD) immediately after parthenogenetic activation and visualized with fluorescence microscope. 

We observed that the electroporated embryos showed fluorescence in their cytoplasm indicating 

both electroporation conditions were able to permeabilize the zona pellucida and cytoplasm 

(Figure 4-1A and D).  

To determine the efficiency of CRISPR/Cas9 delivery by electroporation and its impact 

on embryo development, a single synthetic guide RNA (CRISPR) targeting pig neurogenin 3 

(NGN3) was designed. Since the optimal CRISPR/Cas9 concentration varies among different 

tools and parameters, three different concentrations, (5 ng/µl, 10 ng/µl, and 25 ng/µl), retaining 

the CRISPR/Cas9 ratio at 1:2, were tested using the two electroporation conditions that were 

used in the visualization experiment. Introduction of NGN3-targeted gRNA along with Cas9 

protein in groups of about 50 parthenotes was performed by electroporation 9 hours after 

activation (9hpa). Embryo cleavage rate was first measured on day 2 of culture, and blastocyst 

rate was observed from day 5 to 8. Cleavage rates in both electroporation parameter groups were 

similar to the control group (Figure 4-1B and E), however, blastocyst rates were significantly 

decreased in the long exposure (3ms) condition for all three CRISPR concentration groups 

whereas blastocyst rates for all the groups exposed to the short exposure (1ms) conditions were 

not affected (Figure 4-1C and F) relative to their control groups. Mutation analysis of single 

blastocysts by Sanger sequencing showed that 5 ng/µl, 10 ng/µl, and 25 ng/µl CRISPR 
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concentration groups in the long exposure (3ms) electroporation group had 67.5%, 87.5%, and 

100% mean mutation rates among experiments, respectively (Figure 4-2A). Among the mutated 

embryos in long exposure condition, indel types were analyzed as 50% of monoallelic: 50% 

biallelic in 5 ng/µl group, 100% biallelic in 10 ng/µl group, and 100% biallelic in 25 ng/µl group 

(Figure 4-2B). In the short exposure condition groups, a gradual increase in mutation rate was 

observed as gRNA concentrations increased. Mean mutation rates in short exposure groups were 

13.7%, 41.8%, and 79.05% for 5 ng/µl, 10 ng/µl, and 25 ng/µl CRISPR concentration groups, 

respectively (Figure 4-2C). Indel types of mutated embryos in short exposure experimental 

groups were 50% of monoallelic: 50% biallelic in the 5 ng/µl group, 47% of monoallelic: 53% of 

biallelic in the 10 ng/µl group, and 18% of monoallelic: 82% of biallelic in the 25 ng/µl group 

(Figure 4-2D). 

Since the long exposure electroporation condition significantly affected porcine embryo 

development in parthenogenetically activated porcine embryos, we applied the lower exposure 

condition (1ms) to in vitro fertilized embryos. Electroporation of porcine zygotes was performed 

9 hours after insemination (hpi). In electroporated IVF-derived embryos, neither cleavage and 

nor blastocyst rates were different from control embryos (Figure 4-3A and B). Mean mutation 

rates of experiments were 68.25% for 5 ng/µl group, 85.71% for 10 ng/µl group, and 100% for 

25 ng/µl group (Figure 4-3C). Analysis of indel types in mutant embryos indicated that 5 ng/µl 

group had 14.3% of monoallelic and 85.7% of biallelic, and both 10 ng/µl and 25 ng/µl groups 

had all the embryos with biallelic indels (Figure 4-3D). Since our previous microinjection data in 

sheep indicated that MII oocyte injection resulted in increased biallelic mutations and increased 

blastocyst rates43, we sought to determine if electroporation of MII oocytes would have similar 

results. MII oocytes were electroporated with 25 ng/µl:50 ng/µl (CRISPR:Cas9 protein) using 
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the 1-ms exposure electroporation condition. Cleavage rate of MII electroporated IVF embryos 

was comparable to the non-electroporated group (Figure 4-3E), but the blastocyst rate was 

significantly decreased (Figure 4-3F). 

Evaluation of mosaicism rate and off-target effects 

To further analyze the mosaicism rate following CRISPR/Cas9 electroporation, 27 

parthenogenetically activated blastocysts (1 from 5 ng/µl group; 8 from 10 ng/µl group; 18 from 

25 ng/µl group) and 30 IVF-derived blastocysts (9 from 5 ng/µl group; 14 from 10 ng/µl group; 

7 from 25 ng/µl group) that had mutations analyzed by Sanger sequencing were randomly 

selected, barcoded by PCR amplification, and sequenced on a PacBio sequencer. Circular 

consensus sequencing (ccs) reads from PacBio data were sorted and analyzed by individual 

embryos. Each bar from the bar graphs from PacBio data represents a single blastocyst, and 

different fragment colors on a bar represent different indels or alleles residing in an embryo 

(Figure 4-4A). From the bar graphs, mosaicism rates, number of alleles, and wildtype embryos 

were recalculated for each gRNA concentration. 

Among the 27 parthenogenetically activated embryos, the 5 ng/µl group had 100% (1/1), 

and 10 ng/µl and 25 ng/µl groups had 85.71% (6/7, non-edited embryo from 10ng/µl group 

excluded) and 72.2% (13/18) mosaicism rates, respectively (Figure 4-4B). Mutation efficiency 

was 38.3%, 51.8%, and 85.23% for 5 ng/µl, 10 ng/µl group, and 25 ng/µl groups, respectively 

(Figure 4-4C). Mean numbers of alleles per embryo were 8 (only one embryo) for 5 ng/µl group, 

4.71 for 10 ng/µl group, 4.69 for 25 ng/µl group, and mean allele numbers between 10 ng/µl 

group and 25 ng/µl group were not different (Figure 4-4D). Calculation of embryos that carried a 

wildtype allele showed that all the embryos from both 5 ng/µl and 10 ng/µl electroporation 
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groups had wildtype variants while there were 62.5% of total assessed embryos contained 

wildtype alleles in 25 ng/µl group (Figure 4-4E). 

In IVF-derived embryos, 100% (9/9) of 5 ng/µl CRISPR electroporated embryos were 

mosaic, 78.57% (11/14) of 10 ng/µl group embryos were mosaic, and 71.42% (5/7) of 25 ng/µl 

group embryos were mosaic (Figure 4-5B). Mean mutation efficiency rates by PacBio data 

showed that 5 ng/µl group was 84.27%, 10 ng/µl group was 92.68%, and 25 ng/µl group was 

95.99% (Figure 4-5C). Mean allele numbers per group indicated that 5.33 alleles, 3.71 alleles, 

2.14 alleles were detected for 5 ng/µl CRISPR group, 10 ng/µl CRISPR group, and 25 ng/µl 

CRISPR group, respectively, and allele numbers of 25 ng/µl CRISPR electroporated group were 

significantly lower than 5 ng/µl CRISPR group (Figure 4-5D). One hundred percent of the IVF 

embryos from 5 ng/µl CRISPR group had wildtype alleles, 42.86% for 10 ng/µl CRISPR group, 

and 14.29% for 25 ng/µl CRISPR group (Figure 4-5E). 

To identify if electroporation with 25 ng/µl CRISPR had off-target effects, as that 

electroporation condition appeared to be optimal for pig zygotes, seven potential off-target sites 

were predicted across 6 porcine chromosomes (1, 4, 6, 7, 12, and 15; Table 4-1). The potential 

off-target sites were amplified, barcoded, and sequenced for 15 IVF-derived electroporated 

blastocyst samples. SMRT processed reads were aligned to 7 possible off-target sites with a total 

of 834,598 reads. Among 15 electroporated embryos, 9 embryos showed no off-target effects at 

the predicted target sites while genetic variations were found in 6 embryos with minimal indel 

frequencies ranging from 0.9% to 2.9% of total potential off-target modification reads per 

embryo (Table 4-1). All the off-target indels were 1-bp insertions except for embryo 7 that 

carried additional 1-bp deletion at one off-target site. In addition, there were two types of off-
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target indels (0.024% and 0.03% for each) found in control embryo, and the indels were also 1-

bp insertion (data not shown). 

Generation of CRISPR/Cas9-mediated NGN3 KO porcine fetuses 

We next sought to determine whether electroporated embryos can be implanted and 

develop to the fetal stage. A total of 5 synchronized recipients were used for embryo transfers. 

IVF-produced 2-,4-cell cleaved embryos electroporated with NGN3-targeted CRISPR/Cas9 (25 

ng/µl:50 ng/µl=1:2 ratio) 9hpi were transferred into the oviducts of the recipients. At least 21 

days after each surgery, fetuses were recovered, and genotyped for NGN3 disruption (Figure 4-

6A and B). A total of 7 NGN3 disrupted fetuses were confirmed by Sanger sequencing. Visual 

examination of the NGN3 KO fetuses suggested that the size of the KO fetuses was relatively 

smaller than the wildtype fetuses (Figure 4-6C). Genetic variations among the KO fetuses 

include small insertion, small deletion, mixed indels, and large deletions, however, all the indels 

were biallelic modifications.  
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Discussion 

Efficient generation of non-mosaic livestock embryos using CRISPR/Cas9 technology is 

important for not only production of genome-edited founder animals but also studying human 

diseases with a possible application of human PSCs. Although the use of CRISPR/Cas9 has been 

described across many livestock species 211, most of the reports have used microinjection to 

deliver the guide RNA and Cas924,36,43,60,64,70,75,81,207,212,213, with a few studies characterizing its 

application in porcine embryos214–217. Electroporation of CRISPR/Cas9 components in porcine 

embryos is a less laborious and more efficient method than single embryo microinjection45,214, 

but there was no report scrutinizing mosaicism and off-target effects following CRISPR/Cas9 

electroporation in pig embryos. Here, we compared two electroporation parameters for 

CRISPR/Cas9 introduction in porcine embryos and identified the parameter that could efficiently 

deliver CRISPR/Cas9 targeting porcine NGN3 without compromising embryo development to 

the blastocyst stage. In addition, increasing amounts of gRNA and Cas9 protein significantly 

increased the mutation rates and decreased variant numbers in zygotes. Furthermore, 

electroporated porcine embryos were successfully transferred to surrogates and developed to the 

fetal stage. 

  Our comparison of two electroporation parameters showed that the longer exposure time 

(3ms) with 12 pulses (bipolar) significantly decreased the blastocyst rates of porcine 

parthenogenetically activated embryos while embryos electroporated with short exposure time 

(1ms) with 10 pulses (bipolar) had comparable developmental rates to the control group (Figure 

4-1C and F). Although there were no specific parallel comparisons between electroporation 

parameters in this study, observations are consistent with the previous report that increasing 

pulse duration notably decreased blastocyst formation in pig embryos 45. The 3-ms 
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electroporated groups all had increased mutation rates as well as biallelic mutations compared to 

1-ms electroporated groups (Figure 4-2) indicating that increased duration and number of 

electrical pulses gave rise to increased cell permeability to uptake CRISPR/Cas9 complex. It is 

hard to conclude if the blastocyst rates were significantly affected by the level of cell recovery 

from electroporation or by increased uptake of CRISPR/Cas9 molecules in 3-ms exposure 

parameter groups. The gradual increasing trend of mutation rate with increased CRISPR/Cas9 

concentration with either set of electroporation parameters is similar to the results found in 

microinjection experiments212. 

In IVF-produced embryos, the 1-ms electroporation condition produced more than 60% 

mutation rates, more than 80% mutations, and 100% mutation rates in 5ng/µl, 10ng/µl, and 

25ng/µl CRISPR groups, respectively (Figure 4-3C). In addition, compared with parthenotes that 

were CRISPR/Cas9 electroporated with 1-ms condition, biallelic mutations were increased in all 

the concentration groups of IVF embryos (Figure 4-3E). This is an important finding that 

parthenogenetically activated embryos and IVF embryos may have different DNA repair system 

as parthenotes harbor two copies of maternal chromosomes, thus, their DNA mechanism might 

be different from the naturally occurring DNA repair in zygotes. In addition, having two copies 

of DNA may more resilient than having one copy from each parent. Unlike the previous 

microinjection data in which CRISPR/Cas9 injection of MII oocytes resulted in higher blastocyst 

rates than control embryos43, MII oocyte electroporation with 1-ms exposure condition showed 

that the procedure did not alter the cleavage rate but negatively affected blastocyst rate (Figure 4-

3F and G). This is in line with the results by Hirata et al. claiming the MII oocytes have greater 

sensitivity to electrical stimulation caused by electroporation than zygotes 101. 
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One of the problems with utilizing CRISPR/Cas9 editing in animal embryos is mosaicism, 

that is having more than two alleles present in an individual; a high frequency of CRISPR-edited 

embryos result in multiple variants. By Sanger sequencing analysis, we were able to identify 

mutation rates caused by CRISPR/Cas9 electroporation, and we also observed many mosaic 

embryos when identifying mono- or bi- allelic mutations. Most studies characterized 

CRISPR/Cas9-mediated mosaicism by PCR amplicon sequencing of target regions and 

decomposing the chromatogram data results with the TIDE bioinformatics program218. However, 

no study has adapted next generation sequencing to accurately decipher different mosaic embryo 

alleles and their frequencies in gene-edited electroporated pig embryos. In the present study, we 

employed NGS to generated circular consensus sequencing (CCS) reads219 and were able to 

precisely characterize the CRISPR/Cas9 targeted porcine embryos. Mosaicism data showed that 

most of the embryos (parthenotes and IVF embryos) were mosaic, and overall mutation 

efficiency for all the concentration groups was higher in IVF embryos (Figure 4-5C) than in 

parthenotes (Figure 4-4C). Furthermore, we found that there was a gradual decrease of allele 

numbers as well as numbers of embryos carrying wildtype alleles as higher concentrations of 

CRISPR/Cas9 were electroporated in zygotes (Figure 4-5D). Significant increase in mutation 

efficiency (PacBio sequencing) in 25 ng/µl CRISPR electroporated parthenotes (Figure 4-4C) is 

reconfirmation of CRISPR/Cas9 concentration dependent gene modification observed in Sanger 

sequencing data (Figure 4-2D). Mutation efficiency analyzed by PacBio data on IVF embryos 

(Figure 4-5C) also reiterated similar mutation patterns that were detected in single blastocyst 

DNA analysis by Sanger sequencing (Figure 4-3C).  A decreased number of alleles present in 

each embryo as well as the number of embryos carrying wildtype alleles in 25 ng/µl CRISPR 

electroporated zygotes indicated that a higher concentration of CRISPR/Cas9 during 



69 

 

electroporation may mosaicism alleles in developing porcine embryos. These results also suggest 

that there is a greater chance of obtaining animals without the wildtype allele of the target gene. 

Some mutation types confirmed by Sanger sequencing results did not exactly coincide with NGS 

data because of the specificity and the accuracy of two analyses. According to the mosaicism 

data, somewhat different aspects were observed for the mutation efficiency, the number of alleles, 

and the presence of wildtype alleles in the two differentially produced embryos. Again, this may 

be explained by having more resilient DNA repair system in parthenotes than in zygotes. 

Frequent mosaicism in parthenotes was also found in a study with microinjection of 

CRISPR/Cas9 complex into porcine parthenotes 201. The first round of DNA replication timing 

between two different types of embryos could be a factor because porcine parthenotes start their 

first DNA synthesis 5-6 hours after activation 113 while IVF embryos start their DNA replication 

12 to 14 hours after insemination 220. 

The other concern is that CRISPR/Cas9 introduction into embryo may cause off-target 

effects. Our off-target data analyzed by PacBio on seven possible loci indicated that there was 

zero to minimal (up to 1.9%) unintentional mutation frequencies accounted for in 15 embryos 

electroporated with 25ng/µl CRISPR and 50ng/µl Cas9 protein, and all the mutated alleles 

observed in off-target regions were 1-bp insertions except for one 1-bp deletion found in embryo 

7 (data not shown). Interestingly, we saw some 1-bp insertions even in the control embryo. 

Given the fact that a high level of natural insertion and deletion was identified throughout the 

whole pig genome in different breeds221, all the indels detected in our off-target experiments 

might have been either a PCR error during the process of the sample preparation or a naturally 

occurring polymorphic variation. In addition, the small insertions and deletions discovered in the 

embryos in the off-target study are reasonable to consider as a naturally occurring genomic 
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variation since previous reports suggested that the off-target effects of CRISPR/Cas9-mediated 

mutagenesis were not different from the de novo mutations in rodents222,223, rhesus monkeys224, 

and humans225,226. 

We discovered that CRISPR/Cas9 targeting porcine NGN3 electroporated embryos were 

able to survive and reach fetal stage. From 5 embryo transfers, we recovered seven NGN3 

disrupted fetuses, and their mutation types were all biallelic by Sanger sequencing (Figure 4-6C). 

These results coincide with the in vitro electroporation parameter experiments (Figure 4-3E). 

Interestingly, some fetuses carried large deletions (up to 682-bp deletion) caused by a single 

CRISPR edit. This result proved that the introduction of a single gRNA could possibly exert 

genome editing capabilities for generating KO alleles. Due to the small size of the mutated 

fetuses, we were unable to carry out any further analysis, however, we speculate that the NGN3 

KO fetuses could potentially be missing all types of pancreatic endocrine cells (islets) as Sheets 

et al. demonstrated previously 74. We could not conclude if NGN3-targeted CRISPR/Cas9 

electroporated fetuses could survive until farrowing since 25-day KO fetuses that we recovered 

seemed retarded and had no or slow eye development compared to wildtype fetuses (Figure 4-

6A). 

In summary, we demonstrated an effective electroporation parameter (30V;1-ms pulse 

exposure;100-ms interval;10 pulses; bipolar) to effectively deliver CRISPR/Cas9 targeting pig 

NGN3 gene in zygotes. Our results indicated that electroporation with the concentration of 25 

ng/μl CRISPR: 50 ng/μl Cas9 protein showed higher mutation rates in porcine zygotes by both 

Sanger sequencing and NGS in blastocysts. In addition, a group of zygotes electroporated with 

25 ng/μl CRISPR: 50 ng/μl Cas9 protein concentration had significantly fewer of alleles and 

fewer embryos carried wildtype alleles compared with the embryos electroporated with lower 
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concentrations of CRISPR/Cas9. Although further studies are needed to optimize the system and 

to clarify the mosaicism and the off-target effects caused by CRISPR/Cas9 technology, our 

results provide insight into understanding of CRISPR/Cas9 electroporation in porcine embryos. 
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Figure 4-1. CRISPR/Cas9 electroporation in parthenotes (A) Top panel: 30V;3-ms exposure 

condition with 12 pulses (bipolar). Bottom panel: 3-ms electroporation of tatramethylrhodamine-

labeled dextran. (B) Cleavage rates and (C) Blastocyst rates of embryo electroporated with 

different concentrations of CRISPR/Cas9 using 3-ms parameter. (D) Top panel: 30V;1-ms 

exposure condition with 10 pulses (bipolar). Bottom panel: 1-ms electroporation of 

tatramethylrhodamine-labeled dextran. (E) Cleavage rates and (C) Blastocyst rates of embryo 

electroporated with different concentrations of CRISPR/Cas9 using 1-ms parameter. All data 

with error bars are shown as mean ± SEM from at least three replicates (*P < 0.05; Two tailed T-

test). 
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Figure 4-2. Electroporation of CRISPR/Cas9 introduction targeting porcine NGN3 in 

parthenogenetically activated embryos. (A) Mutation rates of embryos electroporated (3-ms 

condition) with different concentrations of CRISRP/Cas9. (B) Mutation types by Sanger 

sequencing among mutated embryos in 3-ms group. (C) Mutation rates of embryos 

electroporated (1-ms condition) with different concentrations of CRISRP/Cas9. (D) Mutation 

types by Sanger sequencing among mutated embryos in 1-ms group. Numbers in parentheses 

represent cell numbers of total assessed cells. All data with error bars are shown as mean ± SEM 

from at least three replicates (*P < 0.05; Two tailed T-test). 
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Figure 4-3. Electroporation of CRISPR/Cas9 introduction targeting porcine NGN3 in 

zygotes (A) Cleavage rates and (B) Blastocyst rates of zygotes electroporated with different 

concentrations of CRISPR/Cas9 using 1-ms electroporation condition. (C) Mutation rates of 

embryos electroporated with different concentrations of CRISRP/Cas9. (D) Mutation types by 

Sanger sequencing among mutated IVF embryos. (F) Cleavage rates of MII oocytes 

electroporated (1-ms) with CRISPR (25ng/μl) and Cas9 (50ng/μl). (G) Blastocyst rates of MII 

oocytes electroporated (1-ms) with CRISPR (25ng/μl) and Cas9 (50ng/μl). All data are shown as 

mean ± SEM from at least three replicates (*P < 0.05; Two tailed T-test). 
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Figure 4-4. Mosaicism analysis in 27 electroporated parthenotes. (A) Bar graphs depicting 

the frequencies of alleles determined by PacBio sequencing in individual embryos electroporated 

with different CRISPR/Cas9 concentrations. Samples contained a mixture of wildtype allele 

(dark blue) and other indels (other colors) (B) Number of mosaic embryos carrying more than 2 

alleles. (C) Mutation efficiency determined by PacBio sequencing. (D) Mean number of alleles 

present in an embryo. (E) Number of embryos carrying wildtype allele (*P < 0.05; Two tailed T-

test). 
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Figure 4-5. Mosaicism analysis in 30 electroporated zygotes. (A) Bar graphs depicting the 

frequencies of alleles determined by PacBio sequencing in individual embryos electroporated 

with different CRISPR/Cas9 concentrations. Samples contained a mixture of wildtype allele 

(dark blue) and other indels (other colors). (B) Number of mosaic embryos carrying more than 2 

variants. (C) Mutation efficiency determined by PacBio sequencing. (D) Mean number of alleles 

present in an embryo. (E) Number of embryos carrying wildtype allele (*P < 0.05; Two tailed T-

test). 
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Figure 4-6. Generation of NGN3 KO porcine fetuses. (A) Representative pictures of 25-day 

wildtype fetus and KO fetuses. (B) Agarose gel electrophoresis result showing large deletions of 

KO fetuses (Pos.CTL: positive control; Neg.CTL: negative control). (C) All the sequences from 

all 7 NGN3 gene disrupted fetuses. (CTL: control sequence) Red boxes show the target region. 
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Table 4-1. Off-target effect results by PacBio sequencing. Red highlighted parts (variants) 

represent off-target reads.  
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Table 4-2. Sequences of primers formed by adaptor sequences and barcode sequences.  
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Table 4-3. Sequences of NGN3 on-target and 7 off-target regions and primer sequences for off-

target identification. 

 

 

 

 

 

 

  

ID Gene name Chromosome On- and off-target region sequence Primer sequence (5’-Adaptor+Primer-3’)

Fw: AGATCTCTCGAGGTTGAAATCCGCAGGGTCTCACA

Re: GTAGTCGAATTCGTTGGAGCAAACGCTGACACAAA 

Fw: AGATCTCTCGAGGTTGAGGAGGGAGGGCAGAGTTTA

Re: GTAGTCGAATTCGTTTCAAGTGTGTCCATAGGAAGCAA

Fw: AGATCTCTCGAGGTTACAAACGCCACTGACTCTCAT

Re: GTAGTCGAATTCGTTATTGCTTACCCTGACCTGGAAG

Fw: AGATCTCTCGAGGTTTCGAGGGGGTTTCAGGGTAA

Re: GTAGTCGAATTCGTTCTCTGCCTGGTTTCTAGCTGT

Fw: AGATCTCTCGAGGTTATTGGGGGAAGACTGGAACG

Re: GTAGTCGAATTCGTTTGTCGAGGGCCCAGATTAGT

Fw: AGATCTCTCGAGGTTGACACCTGGCCTGCAAGTAG

Re: GTAGTCGAATTCGTTTGACGGGGAGGGTCTCAAAA

Fw: AGATCTCTCGAGGTTGCCTCAGGGGATTTGTTTAGTGA

Re: GTAGTCGAATTCGTTGGCGGGCCCATACATAATGA

Fw: AGATCTCTCGAGGTTGGATCAGACCTTGCACAGCA

Re: GTAGTCGAATTCGTTACTTGGCATGCTCGAACCTT

OF6 unknown 15 CCCACCCAGCCCATCCAAAG(GGG)

OF7 unknown 7 CCCACCCAGTGCATCCAGCG(TGG)

OF4 KCNH6 12 CAGGCGCCGCGCATCCACCG(TGG)

OF5 SERTAD3 6 CCCGACCAGCCCATCCAACC(AGG)

OF2 RAPGEF1 1 CCGGCACAGTGGATCCAACG(TGG)

OF3 unknown 4 CCGGCTCAGCGCATCTAACG(GGG)

NGN3 NGN3 14  CCCGCGCAGCGCATCCAACG(CGG)

OF1 unknown 6 CTGGCGCAGGGCATCCAAAG(AGG)
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CHAPTER 5 

Summary and Future Directions 

Summary 

The research presented in this dissertation has assessed porcine in vitro embryo 

development by comparing different components of in vitro oocyte maturation media. 

Furthermore, the present study investigated two different CRISPR/Cas9 delivery systems, 

microinjection and electroporation, for optimizing the procedures to effectively introduce 

CRISPR/Cas9 complex that targeted porcine NGN3 gene. Since high sensitivity to embryo 

manipulation and low in vitro embryo development caused by polyspermy in porcine ART 

hinder the progress of gene-modified porcine model production for studying human diseases, 

optimizing and combining the pig embryo culture condition and introduction of CRISPR/Cas9 in 

embryos was a valid starting point with regard to generation of founder animals. 

Chapter 2 is a porcine ART optimization study of in vitro porcine oocyte maturation and 

embryo development effects in response to different length of hormone exposure treatments 

during oocyte maturation and addition of three cytokines (FGF2, LIF, and IGF1) to oocyte 

maturation medium. In this study, we demonstrated that different length of hormone treatments 

had no effects on porcine oocyte nuclear maturation. Similarly, cleavage and blastocyst rates 

were not different between treatments indicating that developmental competence was 

comparable regardless of the length of hormone exposure. However, addition of three cytokines 

to maturation medium which had been reported to enhance porcine embryo development 

significantly decreased embryo development to the blastocyst stage reconfirming the variabilities 

underlying porcine embryo culture conditions. In Chapter 3, microinjection of CRISPR along 
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with Cas9 mRNA and protein resulted in the highest mutation rates for disrupting the pig NGN3 

gene suggesting co-injection of Cas9 mRNA and protein for generating KO alleles might be the 

most efficient way for CRISPR/Cas9 complex delivery. In addition, optimization of an 

alternative method, electroporation, for introducing CRISPR/Cas9 in porcine embryos was 

described in Chapter 4. In this study, we established the most efficient condition that includes 

electroporation parameter and CRISPR/Cas9 concentration for disrupting the NGN3 gene in 

porcine embryos. Using next generation sequencing (PacBio), we identified that the optimal 

electroporation conditions were able to significantly lower the number of alleles in a single 

zygote and to produce less zygotes with wildtype alleles suggesting that electroporation has a 

promise to efficiently generate founder pigs without mosaicism. 

Future directions 

Although the CRISPR/Cas9 introduction methods, microinjection and electroporation, 

are being used and described in many studies, scrutinizing the overall efficiency and its effects 

on developing porcine embryos is essential for understanding the use of CRISPR/Cas9 

technology. Efficient generation of founder pigs through CRISPR/Cas9 has a great potential for 

regenerative medicine uses such as xenotransplantation and testing human stem cells in the host 

animals. Given the fact that electroporation procedure used in this study could generate porcine 

NGN3 KO embryos with low numbers of variants and a low frequency of the wildtype allele 

along with a high mutation efficiency confirmed by next generation sequencing technology, one 

can speculate that applying human alpha- and beta- cells derived from PSCs and iPSCs to 

developing NGN3 KO pig embryos (or fetuses) could be an interesting approach for patient-

specific pancreatic endocrine cell generation (Figure 5-1). 
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Figure 5-1. Generation of human-specific islet cells in NGN3 KO pigs. Scheme outlining the 

combination of NGN3 KO embryo and fetus generation using electroporation and possible 

application of stem cell-derived pancreatic endocrine cells. 
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