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Abstract
Precise gene edition is required for modeling human diseases in model organisms. In this study, by using in vitro transcribed CRISPR RNA reagents and double cuttings by CRISPR/Cas9 at two sites flanking pig GJB2 (pGJB2) CDS with long single-stranded DNAs (lssDNA) as homology-directed repair (HDR) templates, we generated two gene-edited pigs of which GJB2 CDSs were replaced with a human GJB2 (hGJB2) CDS containing c.235delC mutation and a pGJB2 CDS containing p.V37I mutation both commonly observed in hearing loss patients, respectively. Genotyping showed that the HDR-derived mutation efficiencies in founders were as high as 80% (4/5) and 50% (2/4), respectively, while no mutation was observed in the group of single cutting with one sgRNA covering the 235th nucleotide C in pGJB2 CDS using a short single-stranded oligo DNA (ssODN) containing c.235delC mutation as HDR template. Besides, the HDR-derived mutations were extensively integrated into various tissues in founder and capable of germline transmission. This study indicated that the “two cuttings with lssDNA templates” method, which expands sgRNA selection scope and avoids direct cutting of gene CDS, can precisely introduce human mutations into mammalian genomic sites, especial those resistant to gene editing, with CRISPR RNAs instead of rebonucleoproteins used in previous reports.
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Introduction
Pigs are not only agriculturally important organisms, but also promising models for biomedical researches. They are also considered as potent donors for organ transplantations because of their similar features shared with human in physiology, anatomy, metabolism and lifespan. Gene modification is indispensable to take full advantage of pig’s potentials as biomedical models, organ donors or economic breeds in animal husbandry. With the advent of programmable engineered endonucleases, such as zinc finger nuclease (ZFN)
 ADDIN EN.CITE 
(Cui et al., 2011; Geurts et al., 2009; D. Yang et al., 2011)
, transcription activator-like effector nuclease (TALEN) 
 ADDIN EN.CITE 
(Boch et al., 2009; Carlson et al., 2012; Miller et al., 2011)
, and especially the CRISPR, the recently developed clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 9 system
 ADDIN EN.CITE 
(Jinek et al., 2013; Mali et al., 2013; Niu et al., 2014)
, pig gene modification, which was historically challenging and inefficient, has been shown to be highly efficient and precise. Previously, using CRISPR and TALENs, we efficiently generated gene-edited pigs with insertion or deletion (indel) mutations 
 ADDIN EN.CITE 
(Wang et al., 2015; Wang et al., 2016)
, precise single base mutations 
 ADDIN EN.CITE 
(Zhou et al., 2016)
 and targeted knock-in of exogenous transgenePeng et al., 2015()
.
Targeted precise gene modification is largely necessary or preferred for accurately modeling human diseases or deciphering gene functions in model organisms. In recent years, genome-wide association analysis (GWAS) has identified a large quantity of single nucleotide polymorphisms (SNPs) which are relevant to human diseases or other biological traits. To investigate or confirm the functions of the identified SNPs or their relevancy to diseases or other traits, model organisms harboring precise de novo mutations which are orthologous to specific SNPs are usually required. However, eukaryotic genomes are coated with histone proteins and organized into complex chromatin structures, and different genomic sites exhibit highly various gene edition outcomes even with the powerful CRISPR system 
 ADDIN EN.CITE 
(Bortesi et al., 2016; Jensen et al., 2017; W. Li, Teng, Li, & Zhou, 2013; Liu, Yin, Zhang, Gao, & Qiu, 2019)
. As a result, the genomic sites in model organism that are orthologous to the positions of specific SNPs may be resistant to gene edition. Besides, the requirement of protospacer adjacent motif (PAM) for gene edition by CRISPR may be a further limitation for some genomic sites to be precisely edited. Recently, base editors, such as the cytidine base editor (CBE) and adenine base editor (ABE), have been shown to be a revolutionary technology for precise gene edition without the requirement of double strand break (DSB) 
 ADDIN EN.CITE 
(Gaudelli et al., 2017; Koblan et al., 2018; Komor, Kim, Packer, Zuris, & Liu, 2016; Xie et al., 2019)
. Nevertheless, not all SNPs locate in the edition window of base editors, and if several cytidine or adenine bases exist in the edition window, it would be challenging for base editors to exactly edit the one that is orthologous to a specific SNP. In addition, the possible resistance of a genomic site to gene edition and the requirement of PAM may also be further limitations for base editors to introduce SNPs precisely into model organism genomes. 
To overcome the hurdles mentioned above, one method is to design programmable endonucleases to cut two sites flanking the target site for mutation, and with a longer DNA template containing the intended mutation for homology-directed repair (HDR), to introduce precise gene edition into target site via a homologous recombination process. This method expands the area for cutting site selection, avoids direct cutting of gene coding sequence (CDS) if the target site for mutation locates in CDS and is capable of introducing various types of mutations due to the larger size of HDR template. This method has been successfully used to introduce Loxp sequences into various genomic sites of mice for conditional gene knock-out using CRISPR ribonucleoproteins Miura, Quadros, Gurumurthy, & Ohtsuka, 2018(; Quadros et al., 2017)
, but has not been reported to introduce precise orthologous human mutations into CDS of functional genes of model organisms, especially those of large animals.
In this work, we designed two sgRNAs to guide endonuclease Cas9 to cut two sites flanking the CDS of pig Gap junction beta 2(GJB2), and using long single-stranded DNAs (lssDNAs) containing mutant GJB2 CDSs as HDR templates , we generated two gene-edited pigs harboring precise human orthologous mutations via zygote injection with in vitro transcribed sgRNA and Cas9 mRNA. Genotyping of different organs from founder piglets indicated the extensive integration of the intended mutations into various tissues of founders, and germline transmission of the intended mutation confirmed by genotyping offspring individuals derived from founder pigs.
Results
Generation of gene-edited pigs harboring human GJB2(hGJB2) c.235delC mutation
GJB2 encodes Connexin26 protein of which mutations account for up to 30-50% of nonsyndromic hereditary hearing losses (NHHLs) in human populations Smith, Bale, & White, 2005()
. In Eastern Asian populations, the 235th nucleotide C deletion in GJB2 CDS (GJB2 c.235delC) is of the highest occurrence rate in NHHL-related mutations 
 ADDIN EN.CITE 
(Yuan et al., 2009)
. Pigs are ideal models for ontological researches. The sensible frequency range of acoustic waves of pigs is similar to that of human. As human babies, piglets are born to be capable of hearing, while mice have no hearing at birth and their hearing matures at age of 2-3 weeks Lim & Anniko, 1985()
, indicating that compared to murine models, pigs exhibit a much more similar hearing development to human. Besides, the more similar anatomic structures and physiology of pig ears sharing with human have been effectively used to develop therapeutic methods, materials and devices for deafness treatments 
 ADDIN EN.CITE 
(Coulson et al., 2008; Sepehr, Djalilian, Chang, Chen, & Wong, 2008)
. Therefore, it is valuable to develop pig models precisely harboring mutations orthologous to those related to human hearing losses.
To generate GJB2 c.235delC mutant pigs, we selected one sgRNA site (designated as pGJB2-235C-sgRNA, Supplemental Table 2) covering the 235th nucleotide C in pGJB2 CDS (GJB2 c.235delC), and designed and synthesized a short single-stranded oligo DNA (ssODN) containing 130 nucleotides from the direct strand of pGJB2 CDS with the c.235delC mutation as HDR template (designated as pGJB2-235delC-ssODN) (Figure 1B, Supplemental Figure 2A). We tried to generate GJB2 c.235delC mutant pig via injection of zygote with the selected sgRNA (pGJB2-235C-sgRNA), the designed HDR template (pGJB2-235delC-ssODN) and Cas9 mRNA as previously described 
 ADDIN EN.CITE 
(Wang et al., 2015)
. We injected 168 zygotes and transferred them to 8 recipients. Unexpectedly, we obtained only one aborted fetus, of which the target site was detected to be wild type (Figure 1C-F). The failure of gene edition may be due to the poor activity of the selected sgRNA site, for we did not detect any gene mutation either when this sgRNA was co-expressed with Cas9 from a single plasmid transfected into pig fetal fibroblasts (PFFs) (data not shown). These data suggested that the pGJB2 c.235C site may be resistant to gene edition. 
To overcome this hurdle, considering that no other suitable protospacer sequence covering the 235th nucleotide C in pGJB2 CDS can be found, we selected two sgRNA sites from the areas flanking pGJB2 CDS. The two selected sgRNA sites were designated as pGJB2-5fs-sgRNA and pGJB2-3fs-sgRNA, and located outside and near to the 5’ and 3’ ends of the pGJB2 CDS, respectively (Figure 2A, Supplemental Table 2). The mixture of pGJB2-5fs-sgRNA and pGJB2-3fs-sgRNA were prepared via in vitro co-transcription using equally mixed linearized plasmids as templates. To introduce the intended hGJB2 c.235delC mutation, we designed an lssDNA template consisting of the hGJB2 CDS with c.235delC mutation, two heterologous sequences flanking the mutant hGJB2 CDS with the lengths of 47 bp and 76 bp, respectively, and two homologous sequences exactly located upstream and downstream the cutting sites of the two selected sgRNA as the homologous arms for homologous recombination (Figure 2B). The two heterologous sequences added to the lssDNA template were designed to induce cells to repair the two DSBs under the direction of the two homologous sequences located at the two terminals of the template (Figure 2A, Supplemental Figure 1), instead of repairing the two DSBs via HDR mechanism separately or individually. Thereby, the endogenous pGJB2 CDS would be replaced with the mutant hGJB2 CDS (the expected procedure shown in Supplemental Figure 1). To insure proper expression of the introduced mutant hGJB2 CDS, the upstream heterologous sequence contained a consensus intron splice acceptor (SA) site and a part of sequence from the 5’- terminal untranslated region (UTR) region flanking hGJB2 CDS, and the downstream heterologous sequence was derived from the 3’-UTR of hGJB2 that is immediately 3’ to the stop codon (Figure 2B, Supplemental Figure 2B). The designed lssDNA template was designated as hGJB2 c.235delC-lssDNA, and the full length double-stranded DNA fragment containing the whole template sequence downstream T7 promoter was artificially synthesized. The hGJB2 c.235delC-lssDNA sequence was converted to be single-stranded via reverse transcription using the RNAs in vitro transcribed from the synthesized double-stranded hGJB2 c.235delC-lssDNA sequence in plasmid as the template as described in Materials and methods (Figure 2C) or a previous report Miura, Gurumurthy, Sato, Sato, & Ohtsuka, 2015()
, for single-stranded DNAs were previously reported to be more potent templates for HDR-mediated gene edition 
 ADDIN EN.CITE 
(Horii & Hatada, 2016; Inui et al., 2014; Ma et al., 2014; H. Yang et al., 2013)
.
To verify the efficacy of the method described above, 94 zygotes at 1~4 cell stage were collected from mated sows and subjected to cytoplasmic injection with the mixture of the two sgRNAs (pGJB2-5fs-sgRNA/pGJB2-3fs-sgRNA), single-stranded GJB2 c.235delC-lssDNA template and Cas9 mRNA. The injected zygotes were transferred into the oviducts of 6 mature sows with synchronized estrus. One recipient sow transferred with injected zygotes became pregnant and gave birth to 5 piglets (Table 1). Using genomic DNAs isolated from punched ear tissues, the piglets were genotyped via Sanger sequencing of primary PCR products or TA-cloned PCR products covering the GJB2 CDS. In contrast with the lack of mutation in the fetus derived from single cutting at GJB2 c.235C site by CRISPR, all the 5 founders harbored mutations at the target site, among which 4 were shown to harbor the intended mutation derived from HDR, and 70% of all the alleles detected in founders were derived from HDR, indicating that the intended mutation was knocked into founders with an efficiency as high as 80% (Figure 2G, Table 2, Supplemental Figure 3). Among the 5 founder piglets, 3 (hg1-2, hg1-3 and hg1-5) exhibited only the intended mutation (knock-in (KI) allele), of which the genetic homozygosity was confirmed by direct Sanger sequencing of none-cloned primary PCR products. For the rest of 2 piglets, one (hg1-1) exhibited both the KI allele and one another mutant allele (pGJB2 c.172delC), while the other ((hg1-4) exhibited only the mutant allele pGJB2 c.172delC.
To investigate the distribution of KI allele among different organs in founder pigs, organs derived from the three different germ layers of one dead founder pig (hg1-5) were genotyped via direct Sanger sequencing of none-cloned primary PCR products covering hGJB2 CDS as described above. To confirm the integration of KI allele into germline cells, gonad tissues was genotyped in parallel. Results showed that all the organs, including gonad, exhibited only one KI allele with a single sequencing chromatography (Figure 3), suggesting that the founder organs contained one homozygous KI allele, and the mutant hGJB2 CDS was knocked into pig genome at a very early stage of embryo development. 
Generation of gene-edited pigs harboring pGJB2 p.V37I mutation
GJB2 p.V37I mutation is considered as another genetic risk indicator for postnatal permanent childhood hearing impairment (PCHI) L. Li et al., 2012()
, which is highly prevalent in East Asians with an allele frequency of 4.3% in Thai, 1.0% in Japanese, 0.6% in Korean, and 6.2% in Chinese, respectively. To generate gene-edited pigs precisely harboring GJB2 p.V37I mutation, we designed another lssDNA template designated as pGJB2 p.V37I-lssDNA via replacing the hGJB2 c.235delC CDS in the hGJB2 c.235delC-lssDNA template with the pGJB2 CDS containing c.109-111GTG>ATC mutation (pGJB2 c.109-111GTG>ATC CDS) (Figure 4B). pGJB2 p.V37I-lssDNA template was prepared to be single-stranded and injected into cytoplasm of 127 pig zygotes along with the mixed sgRNA pair of pGJB2-5fs-sgRNA and pGJB2-3fs-sgRNA as described above. The injected zygotes were transferred into 7 recipient sows, among which 1 became pregnant and gave birth to 4 piglets (Table 1). Genotyping of the founder piglets was performed via Sanger sequencing of PCR products covering GJB2 CDS. Results showed that among the 4 founder piglets, 2 (one male and one female) were heterozygotes simultaneously harboring the expected GJB2 c.109-111GTG>ATC allele and wide type allele, while the other two were homozygotes only harboring wild type allele, suggesting that the high knock-in efficiency via double cutting at the two selected sites was reproducible (Figure 4C-F, Table 2, Supplemental Figure 3).
To investigate the germeline transmission capability of the pGJB2 p.V37I KI allele, the 2 founders containing the KI allele were mated each other after sexual maturity. Six F1 offspring piglets were born and their genomic DNAs were prepared from punched ear tissues. The fragments covering GJB2 CDS were amplified via PCR as described above, and the non-cloned primary PCR products were directly subjected to Sanger sequencing. Results showed that all the six offspring individuals were heterozygotes as their parents (Figure 5), indicating that the KI allele in founders was capable of germline transmission, further suggesting that the knock-in events via double cuttings occurred at a very early stage of embryo development and extensively integrated into various organs, including gonad. The lack of homozygous offspring individual may be due to the impaired embryonic development resulting from the introduced mutation once in homozygosity.
Discussion
In this study, via one step injection of zygotes, we tried but failed to generate Gjb2 c.235delC mutant pig via single cutting with one sgRNA covering the target site for mutation using ssODN containing the intended mutation as HDR template. Considering that no other suitable protospacer sequence covering the target site can be found, we tried to generate hGjb2 c.235delC mutant pigs via double cuttings at two sites flanking pGJB2 CDS with two sgRNAs using an lssDNA containing the hGjb2 CDS with intended mutation as the HDR templates. Results showed that, via this “double cuttings with lssDNA template” method, the intended hGjb2 c.235delC mutation was efficiently knocked into pig genomes with an efficiency as high as 80% in founders. Through the same method, another gene-edited pig harboring pGJB2 p.V37I mutation was also successfully generated. Genotyping of different organs and offspring individuals of gene-edited founders further showed that the KI allele was extensively integrated into various tissues including the gonad, and could be transmitted through germline. Our work indicated that in addition to insertion of short exogenous sequences such as LoxP, precise mutations in CDS, or even a CDS fragment from another species, can also be knocked into mammalian genomes via this “double cuttings with lssDNA template” method, provided that exogenous heterologous sequences flanking the two homology arms were included to prevent the two DSBs from being repaired individually or separately. Besides, instead of using CRISPR rebonucleaoproteins consisting of synthesized gRNAs and Cas9 proteins employed in previously reports Miura et al., 2018(; Quadros et al., 2017)
, we introduced precise mutations into pig genome using in vitro transcribed CRISPR RNA reagents, providing a basis for more general applications of this “double cuttings with lssDNA template” method to gene editions of different organisms when synthesized gRNAs or purified recombinant Cas9 proteins were unavailable . 
Although CRISPR is the most potent gene-editing tool at present, some genomic loci, especially in genomes coated with histone proteins such as those of mammals, may still be resistant to editing by CRISPR 
 ADDIN EN.CITE 
(Jensen et al., 2017; W. Li et al., 2013; Liu et al., 2019)
. Therefore, the method used in this work, knocking in precise mutations via double cuttings at two sites flanking the target mutation site with two sgRNAs and one lssDNA template, may be a choice to solve this problem. The advantages of this method are as follows: (i) expanding scope for sgRNA selection; (ii) having capability of introducing various types of mutations into target site due to the larger size of HDR template, such as CDS replacement in this study; (iii) avoiding direct cutting of CDS of target genes to minimize the impacts of random mutations derived from non-homologous end joining (NHEJ) repair on the embryo development. However, its efficacy and advantages need being further tested in more genomic loci or even more organism species in the future.
In summary, using in vitro transcribed CRISPR RNA reagents, we efficiently generated gene-edited pigs harboring precise orthologous human mutations in the CDS of GJB2 via double cuttings with lssDNAs containing the intended mutations as HDR templates via direct injection of zygotes, providing a basis for wide application of the “double cuttings with lssDNA template” method to gene editions.
Material and Methods
Animals
The Chinese Bama miniature pigs used in our study are widely used experimental pigs in biomedical researches in China. They were regularly raised in the Laboratory Animal Center of the Army Medical University. All the protocols involving the use of animals were in accordance with approved guidelines of the Institutional Animal Care and Use Committee of the Army Medical University(Approval ID: SYXK-PLA-2007036).
The Preparation of lssDNA, ssODN, sgRNA, and Cas9 mRNA

The pGJB2-235delC-ssODN used as template for HDR, of which the sequence contained the intended single nucleotide mutation as shown in Supplemental Figure 1, was artificially synthesized. Using MEGA shortscript™ T7 Transcription Kit (Ambion, Cat.No.:AM1354), sgRNAs were prepared via in vitro transcription using pUC57kan-T7-gRNA plasmids (Addgene No.: #115520) containing target spacer sequences completely linearized by enzymatic digestion with DraI as template, and the transcribed RNA products were purified by using MEGAclear™ Transcription Clean-Up Kit (Ambion, Cat.No.: AM1908) according to the instructions of the kit manual. Using mMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Ambion, Cat.No.: AMB13455), the Cas9 mRNAs were prepared via in vitro transcription with the plasmid pST1374-N-NLS-flag-linker-Cas9 (Addgene No.:#44758) completely linearized by endonuclease AgeI as the template, and the transcribed mRNAs were further purified with RNAeasy kit (Qiagen).
The lssDNA templates were prepared from double-stranded DNA fragment containing the whole sequence for lssDNA downstream a T7 promoter sequence. A schematic description of the procedure of preparing lssDNA was shown in Figure 2C. Firstly, using the completely linearized DNA fragment as the templates, the double-stranded lssDNA sequence was transcribed into RNA using MEGAshortscript™ T7 Transcription Kit (Ambion, Cat.No.:AM1354); Secondly, the RNA was reversely transcribed into complementary DNA (cDNA) and RNA-DNA hybrid molecules were generated as a result using PrimeScript™ II 1st Strand cDNA Synthesis Kit (Takara, Cat.No.: 6210A ); Thirdly, the RNA strands in the RNA-DNA hybrids were specifically degraded by RNase H, and the resulted single-stranded lssDNA fragments were purified using QIAquick PCR Purification Kit(QIAGENE, Cat.No.: 28104).

Zygotes injection with the mixture of Cas9 mRNA, sgRNAs and HDR templates (ssODN or lssDNA)
We collected zygotes by flushing oviducts of mated sows with warmed culture media after superovulation treatment and natural mating as described previously
 ADDIN EN.CITE 
(Wang et al., 2014; Whitelaw et al., 2004)
. Pig zygotes at the 1-cell stage were transferred into oocyte manipulation medium drops prepared and equilibrated at 37℃,5% CO2 in humidified atmosphere in advance. A mixture of in vitro transcribed sgRNA (10ng/μl), Cas9 mRNA (20ng/μl) and prepared HDR templates (10ng/μl ssODN or lssDNA) was injected into the cytoplasm of zygotes. Shortly after injection, the injected zygotes were transferred into oviducts of synchronized foster sows under anesthesia as described previously 
 ADDIN EN.CITE 
(Wang et al., 2014; Whitelaw et al., 2004)
. Pregnancy was investigated by observing the estrus behaviors of recipient sows at every ovation circle.

Genetic Screening of gene-edited piglets
Genomic DNA was extracted from punctured ear tissues. The genomic regions flanking the sgRNA target sequences were amplified via PCR. Sanger sequencing of PCR products or TA-cloned PCR products were performed to identify GJB2 gene mutations. Primers used in PCR amplification were shown in Supplemental table 1.  
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Figure legends
Figure 1 Generation of GJB2 c.235delC mutant pigs via single cutting with one sgRNA. (A) Schematic of generating gene-edited pigs via zygote injection. (B) The expected gene-edition event in pig embryos. The yellow arrow shows the location of pGJB2-235delC-sgRNA. (C) The photo of aborted fetus. (D) The gel electrophoresis of the amplified fragment surrounding the target site, which was amplified via PCR using the genomic DNA extracted from the whole fetus as the template. M: DNA marker 250bp; WT: wild type individual as control. (E, F) Sequencing of the amplified fragment in D. Black arrow and bold red C show the 235th C nucleotide; the under- lined nucleotides shows the site of sgRNA targeted; PCR product means sequencing was performed using non-cloned primary PCR products. 

Figure 2 Generation of GJB2 c.235delC mutant pigs via double cutting with two sgRNAs. (A) Strategy for gene edition with a pair of sgRNAs cutting two sides flanking GJB2 CDS using lssDNA as HDR templates. Yellow arrows show the locations of two sgRNAs. (B) The structure of GJB2 c.235delC-lssDNA template. Heterology: the introduced heterologous sequence; SA: splice acceptor sequence; hGJB2 c.235delC CDS: human GJB2 CDS with c.235delC mutation; thick line: exonic area; thin line: intronic area. (C) The procedure of preparing lssDNA templates via in vitro co-transcription. Steps 1: Construction of the plasmid containing the sequence of lssDNA template. The black triangle shows the restriction enzyme (RE)-cutting site downstream the lssDNA sequence. The gel on the right shows the RE digestion of plasmid. Steps 2: RNA is synthesized via in vitro transcription. The gel on the right shows the ~1000 bases long RNA products. Steps 3: The complementary DNA (cDNA) was synthesized by reverse transcription using the RNA product in step 2 as templates, and followed by degradation of the RNA strand in RNA-DNA hybrids using RNase H. The gel on the right shows a ~1000 bases RNA-DNA hybrids. Steps 4: Purification of lssDNA template. The gel on the right shows a ~1000 bases purified single-stranded DNA. (D-G) Genotyping of founder piglets: (D) The photo of founder piglets (hg1-1~hg1-4); (E) The gel electrophoresis of amplified fragments covering the whole sequence between homology arms in founders. M: DNA marker 250bp; WT: wild type individual as control. (F, G) Sequencing results of the amplified fragments in E. The bold and red C is the 235th C nucleotide of human GJB2(hGJB2) gene; the bold and blue C is the 172th C nucleotide of pGJB2 gene; the Red underline and blue underline show the location of deleted C nucleotides at c.235 in hGJB2 and c.172 in pGJB2 CDS , respectively. KI: knock-in allele derived from HDR; PCR product: genotyping piglet by sequencing PCR product directly; N/N: positive colonies out of total colonies sequenced.
Figure 3 Genotyping of different organs from founder piglet. (A) The gel electrophoresis of amplified fragments surrounding target site from various organs of the founder piglet hg1-5. M: DNA marker 250bp; WT: wild type pig. (B, C) The sequencing result of the modified alleles in various tissues of founder piglet hg1-5. KI: knock-in allele derived from HDR; PCR product: genotyping piglet by sequencing PCR product directly; N/N: positive colonies out of total colonies sequenced; the bold and red C is the 235th C nucleotide of hGJB2 gene; the Red underline shows the location of deleted C nucleotide.
Figure 4 Generation of pGJB2 p.V37I mutant pigs via the “double cutting” method. (A) Strategy for gene edition. The yellow arrows show the location of pGJB2-5fs-sgRNA and pGJB2-3fs-sgRNA. (B) The structure of pGJB2 p.V37I-lssDNA template. Heterology: the introduced heterologous sequence; SA: splice acceptor sequence; pGJB2 c.109-111GTG>ATC CDS: pGJB2 CDS with c.109-111GTG>ATC mutation; thick line: exonic area; thin line: intronic area. (C-F)Genetic screen of pGJB2 p.V37I gene-edited founder pigs: (C) The photo of pGJB2 p.V37I founder pig; (D) The gel electrophoresis of PCR amplified fragment surrounding the target site in founder piglets. M: DNA marker 250bp; WT: wild type pig. (E, F) Sanger sequencing of PCR products in D. The black arrows show the heterozygous sites; the black lines show the target codon for mutation; the blue nucleotides GTG are wild type allele, and the red nucleotides ATG KI allele. KI: knock-in allele derived from HDR; WT: wild type; PCR product: genotyping piglet by Sanger sequencing of PCR products directly.
Figure 5 Germline transmission analysis of pGJB2 p.V37I mutant allele. (A)Pedigree chart of pGJB2 p.V37I pigs. (B-E) Genetic screening of F1 offspring piglets derived from founder pigs. (B) The photo of F1piglets. (C) The gel electrophoresis of PCR amplified fragments surrounding the target site in F1 piglets. M: DNA marker 250bp; WT: wild type pig. (D, E) The sequencing results of PCR amplified products in C: D, the sequencing chromatographs; E, the sequence of target sites for gene edition in F1 offspring individuals. The black arrows show the heterozygous sites; the blue nucleotides GTG are wild type, and the red nucleotides ATG KI allele. KI: knock-in allele derived from HDR; WT: wild type; PCR product: genotyping piglet by sequencing PCR product directly.
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