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RESUMO 

Santos RMN. Substituição gênica ortotópica de porco para humano baseada em 
CRISPR/Cas9 e recombinases para xenotransplante [Tese]. São Paulo: 
Faculdade de Medicina, Universidade de São Paulo; 2017. 
 
 

Modelos humanizados de porco são muito importantes para pesquisa biomédica e 

desenvolvimento de novas drogas e tratamentos. Além de ser um melhor modelo 

para doenças humanas do que animais de menor porte devido sua maior 

semelhança fisiológica, anatômica, de metabolismo e tempo de vida, o modelo 

suíno ainda permite suprimento ilimitado de órgãos para transplante. Apesar 

dessas vantagens, a expressão gênica inconsistente de animais transgênicos 

tornam a criação e avaliação desses animais muito dispendiosas, imprevisível e 

não permite a comparação de resultados de animais diferentes de maneira 

apropriada. Nesse estudo descrevemos uma nova técnica utilizando o promoter 

endógeno para a geração de um protocolo de substituição de genes com padrão 

clonal (transplante clonal de genes) sem clonagem de células, preservando a 

expressão genética e sua regulação intactas. Esse protocolo é reprodutível e pode 

ser aplicado para mais de um alvo genético, permitindo geração rápida de linhas 

transgênicas de animais (14-20 dias) com potencial de se tornar o novo padrão 

para geração de animais transgênicos de grande porte. 

 

Palavras-chave: Transplante Heterólogo; Trombomodulina; Sistemas CRISPR-

Cas; Linhagem Celular; Técnicas de Transferência de Genes; Transfecção; 

Suínos. 
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ABSTRACT 

Santos RMN. CRISPR/Cas9 and recombinase based pig-to-human orthotopic 
gene exchange for xenotransplantation [Thesis]. São Paulo: "Faculdade de 
Medicina, Universidade de São Paulo"; 2017. 
 

Humanized pig models are very important for biomedical research, and drugs and 

treatment development. Not only it is a better model for diseases than smaller 

animals because of its closer physiology, anatomy, metabolism and life span, it 

also may provide unlimited organs for transplantation. In spite of all this 

advantages, inconsistent gene expression in transgenic animals make its 

generation and evaluation expensive, unpredictable and do not allow proper 

outcome comparison between different animals. In this report we describe a 

reproducible technique utilizing the endogenous promoter for generation of a clonal 

pattern gene replacement protocol (clonal gene transplant) without cell cloning, 

maintaining the normal gene expression and its regulation. This protocol is 

reproducible and applicable to more than one gene target, allowing fast generation 

of transgenic animals cell lines (as low as 14-20 days) and could become the new 

standard for transgenic large animal generation. 

 

Keywords: Transplantation, Heterologous; Thrombomodulin; CRISPR-Cas 

systems; Cell Line; Gene Transfer Techniques; Transfection, Swine.
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1. Introduction

 

Pigs are considered better biomedical research models than smaller 

animals because of closer similarity with human size, life span, metabolism, 

physiology and anatomy (1-5).  

Genetically engineered pigs are used vastly in several medical fields (6), 

including models for cystic fibrosis (5, 7, 8), diabetes models (9, 10), immunology 

(11-15), neurodegenerative diseases (2, 16-18), cancer (19-21), ophthalmology 

(22, 23) and cardiovascular diseases (24). 

Also, in addition to that, its breeding pattern and gestation time associated 

with relatively fast time for archiving human adult size organs makes pigs the ideal 

animal for xenotransplantation (25). 

Non-human primates were the first animals used on modern xenotransplant. 

In the 1960s, human-to-human kidney transplantation was starting, however, 

organs from deceased donors were extremely rare. Since chronic dialysis was not 

a possibility at that time, Keith Reemtsma started a non-human primate-to-human 

kidney xenotransplant program as the only solution for chronic renal failure. He 

performed 13 cases (using both kidneys from a single chimpanzee in each case) 

with survival up to 9 months with restricted immunosuppressive agents (26).   

However, clinical human-to-human transplant success and better supportive 

care soon made xenotransplant interest to fall. 

With the growing demands for organs, not fulfilled by the donor supply in 

spite of maneuvers to increase the pool of organs (marginal transplant (27), living 
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donor (28, 29), and donation after cardiac death (30, 31)), the enthusiasm in the 

chance of using cells or even organs from animals has reemerged again. 

While non-human primates are genetically closer to human, there are many 

limitations to use them as adequate source of organs for transplantation, such as 

ethical concerns and difficulty in breeding, including other factors summarized on 

Table 1 (32, 33). Pig was then chosen to be the animal for xenotransplantation, 

because it has an unlimited availability, rapid growth to human size, and lower risk 

for zoonosis.  

 

Table 1: Comparison between pig and baboon as organs source for 

xenotransplantation 

Characteristic Pig Baboon 

Anatomically similar ++ +++ 

Physiologically similar  ++ +++ 

Immune system similarity + +++ 

Time to be mature to reproduce 4 - 8 months 3 - 5 years 

Number of offspring 5 – 12 1 - 2 

Length of gestation 4 months 6 months 

Time to reach size for organ donation 6 months 9 years 

Risk of xenozoonosis  Low High 

Availability High Low 

Cost of maintenance Low High 

Adapted from Cooper (2012) (33). 
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However, because of greater evolution distance between human and pigs, 

immunological incompatibility became significant limitation for xenotransplantation. 

The first barrier introduced was hyperacute rejection (HAR), caused by human 

preformed antibodies against pig antigens (34). These antibodies bind to pig 

endothelial cell surface, causing complement activation and cell damage with 

organ death within minutes to hours after a discordant xenotransplant (34, 35).  

 HAR was demonstrated in other discordant xenotransplant models as well. 

Galvão et al (2008) described a hyperacute rejection in discordant models of 

multivisceral transplantation, using canine and swine, allocated in four groups of 

experiments, canine donor and swine recipient, swine donor and canine recipients 

and two control groups comprising canine to canine and swine to swine 

transplantation. In the divergent models of transplantation, hyperacute rejection 

signs were apparent 15 minutes after reperfusion and critically damaged to all 

organs. Also, in divergent transplant, urine output decreased constantly and 

stopped within 15 minutes after reperfusion. However, in pig-to-pig and dog-to-dog 

multivisceral allotransplantation, normal aspect of transplanted organs and normal 

urine output was observed up to the end point. Pathological examination showed 

moderate to severe degree of hyperacute rejection in the majority of transplanted 

organs in discordant models (36). 

For a prolonged time, HAR has been the major barrier to successful 

xenotransplantation. To overcome this issue, management of complement 

activation either by human complement regulators gene expression on xenograft or 

infusion of inhibitors of complement were attempted (37-39). 
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However, little success with these approaches was obtained. More recently, 

elimination of the xenoantigen by knockout of the gene responsible for its 

expression by molecular biology approaches was undertaken, so human pre-

formed antibodies would not bind to pig cells, eliminating HAR (40). 

Genome editing for knockout depends on DNA repair system after double 

strand breaks (DSBs) happen. There are two main kinds of DNA double strand 

breaks repair mechanisms in eukaryotic cells: homologous recombination (HR) 

(41) and non-homologous end-joining (NHEJ) (42). 

HR uses similar DNA as a guide to repair the DSBs, and the outcome of this 

kind of repair is predicted (exact as the guide). For this reason, repairs through HR 

can be used to add exogenous DNA into the break point in the genome (43). 

NHEJ ligates the disrupted segment and is associated by gain or loss of 

some nucleotides, therefore the consequence of NHEJ is variable: nucleotide 

deletions, insertions, or substitutions can happen at this location. This can 

eventually cause a frame-shift during translation, generating a non-functional 

truncated protein. 

The initial method for generation of knockout pigs was by homologous 

recombination (HR).  

Gene knockout generated through HR requires the creation of DNA insert 

with long sequences of identity with the gene to be disrupted (homology arms) in 

both ends, associated with an antibiotic selection marker to select cells with 

integrated insert. After introducing the DNA inside the nucleus, usually from a 

fibroblast, cells are selected with antibiotic in high doses to isolate the ones where 
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the insert DNA was integrated. This process generates several cell clones 

(individual cell populations originated from a single cell) in the dish, and expansion 

and genotyping of each is required. 

The overall chance of monoallelic disruption in this model is around 0.01%, 

with a 0% chance of biallelic events (44). For this reason, hundreds of clones need 

to be individually evaluated to be used to generate a monoallelic-disrupted pig with 

somatic cell nuclear transfer (SCNT). SCNT is a technique that consists of taking 

an enucleated oocyte (egg cell) from a donor and implanting a nucleus from a 

somatic cell, generating a cloned organism from the last (45).  

Once this animal reaches sexual maturity, it is bred with a wild type pig, 

generating several pigs (wild type and single allele disrupted) that eventually will 

need to be bred to generate complete gene disruption. 

As we can see, generating a knockout animal was a very expensive (as 

much as US$300,000 per animal (46)) and time consuming process that would 

take at least 3 generations of pigs, that could take years for a single gene 

knockout. 

This scenario was completely changed once the nucleases were developed. 

These new genetic tools have a DNA binding domain that identifies a specific DNA 

sequence and are associated with nuclease protein, being able to cause a targeted 

double strand break. 

The association of nuclease-based genome editing with cloning techniques 

such as somatic cell nuclear transfer (SCNT) allowed transformation of knockout 

cell lines into cloned pigs (47).  
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Zinc finger nuclease (ZFN) was the first described. Zinc fingers can 

recognize different sets of nucleotide triplets major groove of DNA. Synthetic linker 

permitted the combination of multiple zinc fingers in an array, allowing them to 

recognize DNA sequences of 9-18 base pairs (bp) in length (48). 

Since an 18 bp sequence of DNA can result in specificity within 68 billion bp 

of DNA, this approach granted targeted modifications for the first time (49, 50) 

Different zinc-finger domains have been created to identify almost all of the 

64 existing nucleotide triplets, allowing combination of these with each other to 

target any genomic sequence possible in an specific manner (49, 51-54). 

Although great progress was obtained, ZFNs was not widely utilized for a 

few reasons. 

One of those was that the specificity of the individual zinc finger array 

depended on context effects and sequences. In association to that, not all 

nucleotide triplets had a specific zinc finger discovered. Also, the construction of 

highly selective ZFN proteins is expensive, difficult, and time consuming (55-58). 

The second nuclease described was transcription activator-like effector 

nucleases (TALENs). TALEs (transcription activator-like effector) were found in the 

plant pathogenic bacteria genus Xanthomonas, and contain DNA-binging domains. 

Each of these domains is comprised of a sequence of 33-35 amino-acid repeat that 

identifies a specific base pair. Its specificity is conferred by two hyper variable 

amino acids in those domains, known as the repeat-variable di-residues (RVDs) 

(59, 60). Similar to zinc fingers, several TALE repeats are combined together to 

recognize long DNA sequences. 
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While the single base recognition of TALE guaranties a more flexible design 

than the triplet of zinc-finger proteins, cloning and assembling repetitive sequences 

of TALENS is technically difficult (61-64).  

Those nucleases started a great revolution, allowing easier targeted 

genome modifications, however, both of them had some negative aspects that 

impaired the scalability of the technique (65).  

After that, Clustered regularly interspaced short palindromic repeats 

(CRISPR) /Cas9 system was described and filled the gap of affordability and 

scalability that the previous could not. CRISPRs were discovered in E. coli genome 

more than 30 years ago (66), being responsible for the acquired immune system, 

targeting infecting exogenous DNA via RNA-guided DNA break (67).  

Type II CRISPR locus consists of four genes, comprising of the cas9 

nuclease, in association to two noncoding CRISPR RNAs (crRNAs): trans-

activating crRNA (tracrRNA) and precursor crRNA (pre-crRNA) array containing 

nuclease guide sequences (spacers) interspaced by identical direct repeats (DRs). 

These noncoding RNA are matured by the RNAse 3, providing the targets 

(spacers) for the Cas9 nuclease (68).  

Comparing to TALEN, CRISPR is faster and cheaper to assemble since the 

designed target component is RNA instead of protein (1-3 days against 5-7 days), 

being able to target multiple regions at once. It also presents some limitations such 

as more off-target effects (cleavage of DNA in the wrong sequence) and needs to 

target a region in DNA with PAM (protospacer adjacent motif) sequence (NGG) 

(43). 
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All these nucleases allowed generation of multiple knockout pigs with 

relative ease, generating animals with the same phenotype, including multiple gene 

knockouts in the same gestation (69), solving the problem of HAR in most cases by 

elimination of the xenoantigens responsible for it (70, 71).  

The most well characterized xenoantigens on pig cells that could be 

disrupted to correct HAR are the carbohydrates galactose alpha 1-3 galactose 

(alphaGal) and N-glycolylneuraminic acid (Neu5Gc) (72, 73). With Alpha-1,3-

galactosystransferase (GGTA1) and Cytidine monophospho-N-acetylneuraminic 

acid hydroxylase (CMAH) gene knockout respectively, these carbohydrates are not 

present in the pig cell membrane anymore. Disruption of these genes let to less 

human antibody binding to pig than to chimpanzee’s peripheral blood mononuclear 

cells (PBMCs) (74). This was a great leap forward, since chimpanzee kidneys were 

transplanted in the past without evidence of HAR, resulting in survival up to 9 

months (26). 

More recently, additional knockout of beta-1,4-N-acetyl-galactosaminyl 

transferase 2 (B4GalNT2) gene in pig reduced even more the genetic 

incompatibility between pigs and humans. The scarcity of antibody binding to 

PBMCs from GGTA1/CMAH/B4GalNT2 KO pig suggests that HAR could be 

avoided in most pig-to- human xenotransplants (75). 

Now, after reducing or maybe eliminating HAR from the picture, a new 

barrier limiting graft survival became visible: acute vascular rejection (AVR) (76). 

Days to weeks after xenotransplant, antibodies against the graft emerge, 

leading to endothelial cell activation and injury, causing vascular integrity disruption 
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and inducing a procoagulant status (76-78). Microthrombi formation and 

coagulation factors consumption leading to organ loss are presented in this 

syndrome (77-79), that can range from mild to disseminated intravascular 

coagulation (DIC) (80). 

At first, the mechanisms for this coagulopathy were not clear and treatment 

was immunologically based, trying to eradicate elicited antibodies. This treatments 

included intravenous immunoglobulin, plasmapheresis, and immunoadsorption, 

however, they failed in preventing the coagulation issue in kidney 

xenotransplantation (80). 

In xenotransplantation, the coagulation imbalance lean on endothelial cell 

activation and damage, in addition to incompatibilities of factors regulating 

coagulation. 

One of the most important incompatibilities is the thrombomodulin/protein C 

pathway (81). 

Thrombomodulin (THBD) is a 557 amino acid residues long type I 

transmembrane glycoprotein, containing five domains: the N-terminal lectin-like 

domain, six isolated epidermal growth factor (EGF)-like domains, serine/threonine 

(S/T)-rich domain containing chondroitin sulfate glycosaminoglycan, 

transmembrane domain, and the cytoplasmic tail (82, 83). 

In the lack of THBD, thrombin activates fibrinogen to fibrin. Thrombin also 

activates additional coagulation factors (factors V, VIII, XI and XIII), and platelets. 

Nevetherless, in the presence of THBD, this binds to thrombin, preventing thrombin 

activation of these pro-coagulant molecules. In addition to that, THBD-Thrombin 
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complexes activate protein C, which inactivates coagulation factors Va and VIIIa, 

thus reducing extra thrombin formation. Consequently, THBD has a dual effect as 

an anticoagulant effect: inhibition of thrombin-mediated activation of coagulation 

factors and activation of protein C, an anticoagulant agent (82). 

However, in spite of the fact that both pig and human thrombomodulin can 

bind human protein C, only the latter complex can activate human protein C (84). 

This explains at least part of the procoagulant events after pig-to-human 

xenotransplant, which could be ultimately correct by expression of human 

thrombomodulin in pig endothelial cells. 

In fact, transgenic thrombomodulin pig increased survival results in both 

kidney and cardiac pig-to-non-human primate xenotransplant (85-87). 

In cardiac xenotransplant, 3 groups of pig-to non-human primate 

xenotransplant were performed with GGTA1 KO in association with human CD46 

(complement regulatory protein) transgenic pigs. In the first 2 groups, the only 

difference was the immunosuppressant protocol, and the last, human 

thrombomodulin was associated with the other previous 2 modifications. 

The first group (GGTA1 KO + human CD46) was submitted to an 

immunosuppression protocol with induction therapy with Anti-thymocyte globulin 

(antibody against human T cells) + Rituximab (monoclonal antibody against CD20, 

which is primarily found on the surface of immune system B cells) + cobra venom 

factor (CVF). Maintenance therapy included CVF, anti-CD154, mycophenolate 

mofetil (MMF), and steroid tapper. Anticoagulation was performed with aspirin and 

heparin. With this protocol, mean survival was 71 (36-236) days (88), which was 
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similar to GGTA1 KO pigs alone (mean survival of 78 days, ranging from 16-179) 

(89).  

When anti-CD40 (20mg/kg) was used instead of anti-CD154 in GGTA1 KO 

+ CD46 pigs, the mean survival increased to 84 days (ranging from 30 to 149 

days) (90). 

Adding human thrombomodulin with the same drug therapy (with higher 

dose of anti-CD40 from 20mg/kg to 40mg/kg), mean survival went up to 200 days, 

ranging from 146 to 550 days (91). 

  The same good results were shown in kidney pig to non-human primate 

model with the addition of human thrombomodulin to the graft. Using a GGTA1 KO 

pig associated with human CD46 + CD55 + thrombomodulin + EPCR + CD39 

resulted in a survival of 136 days (85), overcoming the previous longest survival of 

90 days (92). 

These results show the benefits of adding human thrombomodulin to the 

xenograft, supporting incorporation of human thrombomodulin in the already 

characterized knockout pigs for further testing under same drug regimen. 

Unfortunately, gain of function mutation protocols did not evolve as much as 

loss of function mutations (knockouts). 

This happens because for any loss of function mutation, any change to a 

gene that causes frame shift in the nucleotides will generate the same end result, a 

misread of the nucleotide generating an truncated and altered protein. The same is 

not true for gain of function mutations. 



	

	

13	

For gain of function mutations (transgenic animals), the phenotype of animal 

will vary according to promoter used, copy number of DNA insert in the genome, 

position of integration, generating a different animal every time a cell line is cloned 

to a animal. 

The bottleneck for generation of transgenic pigs is the absence of 

embryonic stem cells (93, 94), which have long life span, allowing more complex 

procedures for target mutations, including screening of correct integrated cells. 

Because of that, most transgenic animal models are based on random integration 

of DNA being expressed by exogenous promoters. 

Random integrated transgenic animals have unpredictable gene expression 

pattern with patchy expression based on integration location and copy number, and 

are susceptible to gene silencing over time (95, 96).  

Screening of several founder pigs is the single option to find and establish 

animals with desired expression profile (97), however, the high cost of animal 

housing and screening limits a broader application of pig genetic engineering (97). 

For those reasons, a more reproducible, consistent, faster and predictable 

model for generation of transgenic animals is necessary. 

In our vision, an ideal transgenic animal for physiologic studies and 

xenotransplantation should present some characteristics. 

First, the transgene should be expressed by the endogenous promoter of 

the host animal, so the expression parameters are the same and no methylation or 

copy number would affect its expression.  



	

	

14	

It also should have a bi-allelic substitution of the gene to be expressed; 

otherwise, the expression would be lower than it should be.  

In addition to that, if a gene replacement is required, the host gene should 

be disrupted, otherwise the transgene could have its function limited by receptor 

competition with wild type gene. 

And last, the final cell line ideally would not have any selection marker that 

could change the animal characteristics and impair future experiments in the cell 

line. 

Some mice in locus knockin/knockout ideal models utilizing the endogenous 

promoter were developed before (98), but those models would not be applicable to 

pigs for a few reasons. Stem cell lines with unlimited number of doublings were 

used for the extensive screening process, and those are not available for pig (99, 

100). In addition to that, several generations of mice were used to generate these 

animals, that started with single allele insertion with expression of selection 

markers, and crossbreeding with siblings and CRE-expressing mice were 

necessary for double allele insertion without selection markers (98). 

Because somatic cells for nucleus transfer have a limited life span and small 

number of passages before senescence, optimized molecular biology technics 

should be employed to accomplish the ideal goals.  

Cloning cells is also not desirable because of the length of the process, 

especially because most of the gene substitution protocols require at least two-step 

procedures that are usually not very efficient and requiring a time span greater 

than what a primary cell for nuclear transfer can withstand. 
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 As described before, there is a lack of protocols for generation of pig 

somatic transgenic cell lines with a reliable and predictable expression pattern, not 

susceptible to positional, copy number and methylation effects. This lack of ideal 

models makes generation of suboptimal animals very expensive, not being ideal 

for comparison of different treatments, since each animal will present a different 

expression profile.  

For this reason, we propose a new model for generation of transgenic 

animals, trying to achieve our vision of ideal animal described before, using a 

combination of CRISPR/cas 9 nuclease and PhiC31 recombinase for target gene 

insertion. In addition to that, since utilization of endogenous promoter for transgene 

expression is a key factor for the ideal animal generation, a new cell line with 

endothelial pattern of expression needs to be evaluated for the protocol, since the 

most commonly utilized fibroblast do not express endothelial specific genes. 
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2. Objectives 

 

• Test new cell line (pig aortic endothelial cell line) for generation of pig by 

somatic cell nuclear transfer 

o Test transfection efficiency 

o Test life span 

o Test ability to endure complex molecular biology protocols for 

generation of transgenic cell lines 

 

• Develop new molecular biology model for gene replacement for generation 

of transgenic cell lines that will be suitable for generation of transgenic 

animals with the following characteristics 

o Expression pattern at least as much as human cells 

o Expression of transgene from pig endogenous promoter to avoid 

random integration expression and silencing due to position of insert 

o Maintained promoter regulation of gene expression 

o Reproducible 

o Generation of gene swap (pig to human) in primary cell life span 
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3. Methods

 

Gene swap was achieved by removing the complete coding sequence from pig 

gene with dual CRISPR-Cas9, integrating an insert with a promoterless selection 

marker through homologous recombination at the same time in this location. This 

insert had the antibiotic selection marker surrounded by modified PhiC31 

recombinase sequences (AttP and AttB) and was followed by a promoterless 

human version of the pig gene to be replaced (Fig. 1).  

 

 

 

 

After antibiotic selection, PhiC31 recombinase expressing plasmid transfection 

allowed removal of selection marker and start of transgene expression (Fig. 2) 

 

Figure 1 – Human thrombomodulin insert design 
Trap: In-Frame Stop/off-frame Start codon trap.   
5’-HA and 3’-HA:  Homology arms identical to sequences in the targeted genomic locus.   
AttP and AttB: modified PhiC31 recombinase sequences.  
hTM: human thrombomodulin open reading frame.  
Poly A:  sequences driving the attachment of poly A tails to transcripts.  
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Figure 2- Gene swap experiment design 
Cas9 cutting is directed to two sites flanking the pig thrombomodulin gene by two gRNA to 
increase the frequency of homologous recombination. Only correct insertion at the targeted 
locus allows antibiotic resistance gene expression.  Cells that survive selection are 
transfected with the PhiC31 recombinase to excise the selection marker and initiate human 
thrombomodulin expression by the pig endogenous promoter. 
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The final pig to human gene replacement experiment was preceded by 

preliminary experiments to test feasibility and standardization of the most efficient 

protocols. These pre-experiments were divided in: Cell line experiments and 

integration validation experiments. Once these pre-experiments were performed, 

transgene expression and characterization of transgene profile experiments were 

performed. 

Cell line experiments were performed for isolation, characterization, and 

optimization of transfection of the aortic endothelial cell line. 

Integration validation experiments were performed to test the best protocols 

for correct bi-allelic integration of DNA into the cells. 

Transgene expression experiments were performed after both of the former, 

to allow correct gene replacement (pig to human thrombomodulin). 

Characterization of transgene expression profile experiments were performed 

to evaluate reproducibility of the model, correct integration copy number and 

overall copy number assays, pig knockout ratio, functional assay and persistence 

of promoter regulation. 
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3.1 Cell line experiments 

 

3.1.1 Porcine aortic cell isolation and culture 

 

All experiments were performed at IUPUI Xenotransplant lab (Science 

Building MS2009 & BS005). All animals used in this study were approved by the 

Institutional biosafety and Institutional Animal Care and Use Committee of Indiana 

University School of Medicine (Attachment 1). Porcine primary aortic endothelial 

cells (PAEC) were isolated from pigs procured during general anesthesia. The 

posterior lumbar arteries were ligated and the aortic lumen was filled with 0.025% 

Clostridium histolyticum’s type IV collagenase (Sigma, St. Louis, MO), placing 

vascular clamps on proximal and distal ends. This sample was incubated at 37º C 

for 45 min. Enzyme activity was quenched by addition of 1/10 volume FBS. After 

enzyme inactivation, the sample was centrifuged at 400g for 5 min. The cell pellet 

was resuspended in RPMI medium with 10% fetal bovine serum, 100µg/ml Cornig 

endothelial cell growth supplement (Fisher Health Care), 1% penicillin + 

streptomycin (Invitrogen) and 1% amphotericin (Fisher Scientific) and cultured in 

the same media.  

 

3.1.2 Growth curve 

 

Growth curve was calculated as previously described (101). Briefly, to 

calculate the population doubling level (PDL), 100,000 cells were cultured in 
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collagen-coated 6-well plates. Cells were harvested every 48h. Cells were counted 

using a hematocytometer, and 100,000 cells were plated in collagen-coated culture 

dishes.  

The PDL per passage was determined using the equation, PD =log(A/B)/log 

2, in which A is the number of collected cells and B is the number of plated cells. 

These  

PD values were used to plot the accumulated PDL curve.  Population doubling time 

(PDT) value was calculated based on the PDL value divide by 48 hours.   

 

 

3.1.3 Transfection optimization 

 

Standard manufacture protocol for transfection optimization on Neon 

transfection system (Life Technologies, Grans Island NY, USA) was used. 250.000 

cells were transfected with 400ng of pEGFP-N1 Plasmid (Clontech) and cultured 

for 24 hours.  

After this period, cells were harvested and transfection efficiency was measured 

based on fluorescence using a BD Accuri C6 flow machine (BD Biosciences, San 

Jose, CA, USA) and visual mortality rate based on cells attached/cells floating. The 

best parameters of transfection were matched with visual mortality rate and if small 

mortality rate was noted for that parameter, voltage was increased until most cells 

were killed. Fluorescence was measured 24h after transfection. 
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3.2 Integration validation experiments 

 

3.2.1 Selection of 3’ CRISPR 

 

Pairs of gRNA were picked so the complete coding sequence of pig 

thrombomodulin could be removed. Crispr/Cas9 plasmid Px330 (65) from addgene 

(plasmid #42230) was utilized for the experiments. 

For this experiment, only one available 5’ CRISPR at ATG region was 

possible (AGGAGCAGAACGCGGAGCATGG). To select the most efficient 

combination of CRISPR pairs, several sequences for 3’ CRISPR were tested. 

For this, the sequence after pig thrombomodulin gene was analyzed for 

chance of off-target effects (http://crispr.mit.edu). 

The sequences with less chance of off-target effects were selected and 

transfected with the 5’ sequence (1µg of each) in 0.5x106 PAEC. The selected 

gRNA for 3’ untranslated region (UTR) were: 

 

1: AACCTTCTAACCTAACCGGTTGG  Score 95 

2: TTCTAACCTAACCGGTTGGCAGG  Score 95      

3: TCTAACCTAACCGGTTGGCAGGG  Score 93 

4: TTTGCCCCTGCCAACCGGTTAGG  Score 91 

5: TGCCAACCGGTTAGGTTAGAAGG  Score 90 
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After 48 hours of transfection, cells were harvested and genomic DNA was 

isolated using GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich St. 

Louis, MO).  

Primers before and after the target regions were used to amplify both the 

complete region and possible deleted region, and the bands were compared to 

select the most efficient combination of gRNA (Fig. 3). 

Forward primer: CACCAGGCACTTCCTTCCTT 

Reverse Primer: CCTGTGTGGCAACGGTCTAA 

     

 

 

 

 

 

Figure 3 - CRISPR dual gRNA experiment design 
Multiple gRNA tested for 3’ UTR region of pig thrombomodulin in combination with 
the only available 5’ target for complete coding sequence (CDS) removal. 
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All PCRs were performed using PWO SuperYield DNA Polymerase (Roche) 

and 50ng of gDNA as template. 

Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 54.9ºC x 

30s and 72ºC x 3min 35s (40 cycles), 72ºCx  7min and 4ºC hold. 

Expected size for unmodified region: 3574 bp. 

Expected size for removed region: approximately 501 bp (Fig. 4). 

 

 

 

3.2.2 Size of 5’ homology arm 

 

For the selection of most efficient 5’ homology arm for the experiment, two 

different sizes were compared. We utilized 60 bp and 2548 bp homology arms. 

In order to compare the most efficient size of homology arms to get only 

corrected inserted DNA to be expressed, each size of homology arms were used to 

Figure 4 – Possible outcomes of CRISPR dual gRNA experiment design 
Control: Untransfected cells presents only one band size after PCR amplification (3574). 
Transf: Dual CRISPR transfected cells presents 2 bands. One of cells that were not 
affected by the nucleases (3574bp) and another smaller representing population cells that 
were affected by both CRISPR, resulting in deletion of the targeted segment (501 bp). 
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create 2 different inserts, both promoterless expressing puromycin resistance gene 

linked with either GFP or mCherry by a optimized P2A sequence (Fig 5).  

 

 

 

1.x106 PAEC were transfected with 2µg of each of the linearized inserts and 

2.5µg of 5’ and 3’ CRISPR plasmids and selected with puromycin after 48h. After 

antibiotic selection, double positive cells (mCherry and GFP expressing cells) were 

sorted 3 times to ensure that all cells were expressing both inserts (two allele 

insertion) as shown in figure 6.  

Figure 5 – Inserts for comparison of different 5’ homology arm sizes 
The only difference between Experiment 1 and experiment 2 inserts is the size of 
homology arm. Set 1 has a 2548 bp HA and set 2 has a 60bp HA. For each 
experiment two inserts were utilized. Both inserts with a promoterless puromycin 
resistance gene linked to a fluorescent protein marker gene through P2A sequence.  
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Figure 6 – Flow cytometry profile of possible correct insert integration 
Representation of all possible correct integrations in thrombomodulin gene locus on pig 
chromosome 17 and its respective flow cytometry chart. Control cells have no 
integration of fluorescent protein gene (Q4). GFP positive cells (Q3) may present one 
or two alleles with the insert in the right location (indistinguishable by flow sort). 
mCherry positive cells (Q1) also present the same problem. Only simultaneous GFP 
and mCherry positive cells (Q2) are guaranteed to be double allelic insertion (excluding 
random integration gene expression). 
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After 100% of cells were double positive, genomic DNA was extracted and 

PCR amplification using primers to amplify from the pig promoter to the coding 

sequence of pig thrombomodulin were used in controls (non modified pig cells) and 

those cells. If correct integration of both inserts were made, no pig thrombomodulin 

should be detected in PCR amplification. 

The same experiment was repeated with the same constructs but replacing 

the 2548 bp 5’ Homology arm with a 60bp 5’ homology arm and compared. 

Primers for pig thrombomodulin amplification, from the promoter to the 

coding sequence were utilized for amplification of remaining pig thrombomodulin 

sequences: 

 

5'- AAGCCTTCCTCCTTGACTC -3’ 

5'- TGTGGTTGTCCCCTGTAAC -3’ 

Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 62.8ºC x 

30s and 72ºC x 55s (40 cycles), 72ºCx 5 min and 4ºC hold. 

Expected size: 889 bp.  
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3.2.3 Selection strategy of bi-allelic inserted cells 

 

After determination of best 5’ homology arm size, the best selection strategy 

for obtaining correct bi-allelic insertion was tested, utilizing the correct 5’ Homology 

arm size. 

For that, two different experiments were compared, each of those using 2 

different inserts, which one for selecting correct insertion in each allele.  

In the first, a single antibiotic (puromycin) was followed by P2A sequence to 

co-express either GFP or mCherry from the pig endogenous promoter (when 

correct inserted). The second experiment was similar to the first, however each 

insert expressed one different antibiotic selection marker (Puro!P2A!mCherry 

and Hygro!P2A!GFP), as shown in figure 7 

 

 

 

Figure 7 – Inserts for testing best selection strategy experiment 
Experiment 1 utilizes the same antibiotic selection marker for both inserts (1), and biallelic inserted 
cells are selected by GFP and mCherry positive cells among puromycin selected cells. Experiment 
2 utilizes 2 different antibiotic selection genes (2), one for each insert, not requiring sorting for 
biallelic selection. 
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For each of the previous mentioned experiments, transfection of 1x106cells 

with 2µg of each of the linearized inserts and 2.5µg of 5’ and 3’ CRISPR plasmids 

was performed. 48 hours after transfection, cells were selected with puromycin 

(experiment 1) or both puromycin and Hygromycin (experiment 2).  

Single antibiotic selected group were sorted 3 times for both GFP and 

mCherry positive cells and cloned one cell per well after that. Dual antibiotic 

selected cells formed isolated colonies, so individual clones were pick for further 

analysis.  

Results were compared in terms of bi-allelic correct insert using GFP and 

mCherry specific primers inserted after the pig endogenous promoter in each 

individual colony resulted from both protocols. 

 

mCherry insert primers: 

5'- AGAATGCAGCATCAGCCCTT-3’ 

5'- GCCGTCCTCGAAGTTCATCA-3’ 

Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 55ºC x 

30s and 72ºC x 1min 55s (40 cycles), 72ºCx 7 min and 4ºC hold. 

 

GFP insert primers: 

5'- AGAATGCAGCATCAGCCCTT-3’ 

5'- GCATGGCGGACTTGAAGAAG-3’ 

Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 54.6ºC x 

30s and 72ºC x 1min 55s (40 cycles), 72ºCx 7 min and 4ºC hold. 
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3.2.4 5’ In-frame stop/Off-frame start trap 

 

After definition of best homology arm size and best colony selection strategy 

for obtaining bi-allelic insertion, a 5’ in-frame stop/ off-frame start codon was placed 

before the 5’ homology arm of this inserts to avoid random integration gene 

expression (Fig. 8). 

 

 

  

 

Figure 9A-C shows all possible outcomes of location integration when 

incorporating the trap into the final experiment. 

Figure 8 – In-frame stop/off-frame start trap sequence  
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Figure 9 – Possible outcomes after trap insert integration 
A) Insert integrated on a random gene. 1: Initial Part of random gene/ 2. Distal part of 
random gene. Transcription of original gene will be normal (pink RNA), however 
translation of fusion insert will not occur because of in-frame stop codon trap (gray 
RNA). 
 
B) Insert integrated after a random promoter (1). Translation of the non-functional RNA 
(gray RNA) will generate a non-functional protein due to off-frame start codon trap. 
 
C) Insert located in the correct place. 1: Pig endogenous thrombomodulin promoter. 
Trap will not be incorporated due to homologous recombination on arms will displace it. 
This will allow correct RNA transcription (pink RNA) and antibiotic selection marker 
translation after PhiC31 recombinase. After recombination, selection marker will be 
removed from the insert, inactivating the recombination site (2), and allowing hTM to 
start being expressed from pig endogenous promoter. 
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For trap test, the best protocol resulted from homology arm size and 

selection strategy experiments were repeated, including the above-described trap. 

For that, 1x106 PAEC cells were transfected with 2.5µg of each CRISPR plasmid in 

association with 2µg of each linearized trap insert plasmid. 48h after transfection, 

cells were selected with the appropriate antibiotic selection and cloned according 

to the protocols with best efficiency determined in the pre-experiments. 

All resulted clones were evaluated in regards to GFP and mCherry 

expression and compared to each other and a wild type PAEC negative control in 

flow cytometry study. Also, PCR identification of correct inserted DNA in each 

allele was evaluated using the same primers as in the best selection strategy 

experiment. 

 

Trap sequence with 60bp 5’ HA: 

TAATGATAGAGCCACCATGGACCTGGCAGCTCCCTGCGCCTCTCAGCCCCGG

CCGGGCCCCTGCGCTTGGCGTGCTGACACC 

 

 

3.3 Transgene expression experiments 

 

Transgene expression experiments utilized the best results of integration 

validation experiments (selection cassette) for generation of final inserts.  

In this experiment, a promoterless human thrombomodulin gene followed 

the selection cassette determined by the pre-experiments. 
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These selection markers were surrounded by modified PhiC31 recombinase 

sequences AttP and AttB for removal of them after PhiC31 expression. Once the 

selection marker was removed, the pig endogenous promoter would drive the 

promoterless human thrombomodulin, finalizing the gene swap in a two-step 

procedure (Fig 2). 

In the first step of the procedure, 1x106 PAEC were transfected with 2.5µg 

of each CRISPR plasmid in association with 2µg of each linearized insert 

containing the promoterless selection marker surrounded by recombinase 

sequences followed by an promoterless human thrombomodulin gene. 

48 hours after transfection, cells were submitted to antibiotic selection for 8 

days. After that period, colonies were combined together for transfection of PhiC31 

recombinase expressing plasmid. 

Recombination for selection marker removal and start of gene expression by 

the endogenous promoter were performed by transfection of 1x106 antibiotic 

selected cells with a codon optimized PhiC31 recombinase with NLS (4µg) driven 

by CMV promoter modified from addgene plasmid pPGKphiC31obpA 

(plasmid#13795) (102). 

In order to reduce possible incorrect recombination due to similarity between 

human and pig thrombomodulin in the first step, which would avoid colony 

formation during antibiotic selection, a pig codon optimized version of human 

thrombomodulin that had no similarity after blast alignment with pig version was 

generated (appendix).  
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Constructs using unmodified and customized human thrombomodulin were 

used and compared in terms of transgene expression, colony formation and bi-

allelic insert ratio. 

 

3.3.1 Flow cytometry 

Flow cytometry was performed 2 days after PhiC31 recombinase 

transfection for evaluation of transgene expression. 

Human and pig aortic endothelial cells were cultured to 80-90% confluence 

and harvested with trypsin 0.25% (Invitrogen). Cells were washed with flow buffer 

(PBS pH 7.2, BSA 0.5%). All incubation steps were performed in dark at room 

temperature for 30 min and were followed by 2 washing steps. 2x105 cells were 

resuspended with mouse IgG1 isotype (1:75) (R&D systems, MAB002) or anti-

human thrombomodulin antibody (1:500 Abcam PBS-01, ab6980). After this 

staining step, cells were incubated with Alexa Fluor 647 AffiniPure Goat anti-

mouse IgG (1:750) secondary antibody (Jackson ImmunoResearch PA, USA Code 

715-606-150, Lot: 116560). After washing, cells were resuspended with flow buffer 

and read in BD Accuri C6 flow cytometer machine (BD Biosciences, CA, USA). 

 

 

3.3.2 Fluorescence-activated cell sorting (FACS) 

All positive cells were sorted using BD FACS Aria sorter (BD Bioscience, 

San Jose, CA, USA). Staining protocol was the same as the one for flow 

cytometry, but the incubation period was performed at 4ºC. Untransfected PAEC 
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and selected PAEC before recombinase treatment were used as negative control. 

Human aortic endothelial cells (HAEC) were used as positive controls. 

 

 

3.4 Characterization of transgene expression profile 

experiments 

 

3.4.1 Mono-allelic vs. bi-allelic correct hTHBD insertion  

 

3.4.1.1 Qualitative measurement of correct inserted hTHBD 

To evaluate against one allele and two alleles insertion, gDNA PCR 

amplification of sorted TPAEC from the pig endogenous promoter to the 3’ 

homology arm was performed. These primers can amplify all 3 potential outcomes 

to evaluate the proportion of each after the experiment: unmodified pig 

thrombomodulin sequence (3505 bp), correctly inserted human thrombomodulin 

(2525 bp) and removed coding sequence due to dual CRISPR (455 bp). Wild type 

PAEC were utilized as control.  

 

Primers:  (figure 10 shows primer binding location – blue primers) 

5’ – ACCCAGTAATCCGAGAAT– 3’     (binds to region before 5’ homology arm) 

5’ – GGCTGCTACTTCTTACTGAT– 3’ (binds to region inside 3’ homology arm) 
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Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 55ºC x 

30s and 72ºC x 2min 35s (40 cycles), 72ºCx 7 min and 4ºC hold. 

 

 

 

To determine pig thrombomodulin expression in sorted human 

thrombomodulin expressing cells, specific primers for pig thrombomodulin were 

used to amplify from the promoter (before target region) to the pig coding 

sequence (Figure 10 – Orange Primers). After amplification, the band was 

extracted and cloned into PCR4blunt plasmid (Invitrogen, CA USA) and several 

Figure 10 – Primer binding location for genotyping experiments 
All possible outcomes after final experiment: 1- Unmodified pig thrombomodulin; 2- Pig-
to-human gene replacement; 3- Removal of pig thrombomodulin without human version 
integration. Rectangles represent primers. Blue color: PCR primers for simultaneous 
amplification of all outcomes. Orange: Specific amplification of pig thrombomodulin. 



	

	

39	

colonies were sent for sequencing to evaluate unmodified pig thrombomodulin 

sequence. Wild type PAEC were utilized as positive control. 

Primers: 

5’ – ACCCAGTAATCCGAGAAT – 3’ 

5’ – GCAGTAGCCGTTGTTGCA – 3’  

  

Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 53.7ºC x 

30s and 72ºC x 50s (27 cycles), 72ºC x 5 min and 4ºC hold. 

Expected size: 800bp. 

 

3.4.1.2 Quantitative measurement of correct inserted hTHBD 

For a quantitative measurement of single and double allele insertion in 

sorted TPAEC, digital droplet PCR was performed. PCR amplification of corrected 

inserted human thrombomodulin was performed.  

Cells were harvested from 10cm plate and frozen at -80ºC until genomic 

extraction was performed (Genelute Mammalian Genomic DNA – Sigma-Aldrich St 

Louis MO, USA).  

Digital droplet PCR samples were prepared as described previously (103). 

Briefly, 4.4µg of genomic DNA from sorted pig cells expressing human 

thrombomodulin and non-transfected aortic pig endothelial cells (negative control) 

were digested with 20 units of PvuII (NEB MA, USA) overnight.  

The digestion was diluted 8-fold to 400µl with TE buffer then 33ng (3µL) was 

assayed per 20µL ddPCR reaction. Correct inserted human thrombomodulin was 
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detected using primers (forward primer) 5’ – AGAATGCAGCATCAGCCCTT – 3’, 

(reverse primer) 5’ – ACTGGCATTGAGGAAGGTCG – 3’ and (probe) 5’ – FAM –

AGAGAAGCGGTTTTCGGGAGTAGT – BHQ1 – 3’ (Integrated DNA 

Technologies). Correct inserted copy number assay (Fig. 11, green primers/probe) 

was duplexed with pig Beta Actin gene (taqman assay Applied biosystems – Fisher 

Scientific Solutions Waltham, MA).  

ddPCR Supermix for Probes (BioRad) was used for PCR amplification. 

Thermal cycling conditions were 95ºC x 10min (1 cycle), 94ºC x 30s, 60ºC x 120s 

and 68ºC x 30s (40 cycles), 98ºC x 10 min (1cycle), and 4ºC hold. Sample 

prepared in QX200 Droplet Generator and read in QX200 Droplet Reader (BioRad 

Hercules CA). 

Human thrombomodulin total copy number primers for ddPCR were: 

Specific primers for human thrombomodulin F: 5’ –ACCCAGGCTAGCTGTGAGT – 

3’ e R: 5’ – CGTTTTCGCACTCGTCGATG - 3’ (Gene bank NM_ 000361). Probe: 

5’ – FAM –AGGCTACATCCTGGACGACGGTTTCATC – BHQ1. Total copy 

number assay (Fig. 11, yellow primers/probe) was duplexed with pig Beta Actin 

gene as well (taqman assay Applied biosystems – Fisher Scientific Solutions 

Waltham, MA). 

Thermal cycling conditions were 95ºC x 10min (1 cycle), 94ºC x 30s and 

60ºC x 60s (40 cycles), 98ºC x 10 min (1cycle), and hold 4ºC hold. 

Assay was performed in IU Center for Diabetes and Metabolic Diseases 

Translation Core. 
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3.4.2 Sequencing 

 

To evaluate if correct insertion of human thrombomodulin and correct 

removal of selection cassette was achieved on all cells, PCR from genomic DNA of 

Figure 11 – Primer binding location for ddPCR and qPCR experiments 
All possible outcomes after final experiment: 1- Unmodified pig thrombomodulin; 2- 
Pig-to-human gene replacement; 3- Removal of pig thrombomodulin without human 
version integration. Rectangles: primers/ Circles: probes. Green: primers and probe for 
correct inserted hTBHD ddPCR assay. Yellow: primers and probe for total hTHBD 
integration ddPCR assay and qPCR assay (without probe).  
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pig aortic endothelial cells was performed and the product was sent to sequencing 

(blue primers on figure 10). 

5’ – ACCCAGTAATCCGAGAAT– 3’ 

5’ – GGCTGCTACTTCTTACTGAT– 3’ 

Thermal cycling conditions were 95ºC x 2min (1 cycle), 94ºC x 15s, 55ºC x 

30s and 72ºC x 2m30s (40 cycles), 72ºCx  7min and 4ºC hold.  

Expected size: 2509. 

 

 

3.4.3 Functional assay (Activated Protein C Assay) 

 

Activation of protein C by thrombin-mediated human thrombomodulin 

cofactor activity on PAEC, HAEC and TPAEC was measured by a specific 

chromogenic substrate as previously described (104).  20.000 cells were seeded in 

96-well plates in RPMI supplemented with 10% FBS and Endothelial specific 

growth factor and evaluated 24 hours later after confluency. This media was then 

replaced by 50 µL of D-MEM (Lonza) supplemented with 3mg/ml bovine serum 

albumin (Sigma-Aldrich, St. Louis, MO, USA) with 200nM of human protein C 

(Haematologic Technologies) and either 0.1 or 1 IU/ml human thrombin 

(Haematologic Technologies, Essex Junction, VT, USA) for 30 min at 37ºC.  

 After incubation, 500nM of AT III (Assaypro, Winfield, MO, USA) with 

heparin (1µM) (Sigma-Aldrich) were added to each well to stop the reaction. 

Supernatants were frozen at -80ºC until analysis.  
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These supernatants were incubated with 50µL 3mM solution of S-2366 

(Chromogenix, Bedford, MA) at room temperature and the amount of generated 

APC was measured in a dynamic plate reader at 405nm absorbance.  

Purified APC (0-8µg/ml) was used as a calibration standard.  

 

 

3.4.4 Promoter regulation assay 

 

In order to evaluate if thrombomodulin expression regulation was 

maintained, sorted pig aortic endothelial cells expressing human thrombomodulin 

from the endogenous promoter were incubated with TNF-Alpha (R&D Systems, 

MN, USA)(10ng/ml) for 3 days. The same experiment was performed with human 

aortic endothelial cells for modulation comparison.  

Regulation was evaluated by flow cytometry and qPCR with specific primers 

for human thrombomodulin (yellow primers in figure 11). 

For qPCR evaluation, RNA was extracted from induced and non-induced pig 

aortic endothelia cells using RNA Easy Plus kit and QIAShredder (Qiagen) 

according to manufacture instructions.  

After 3 days incubation with TNF-alpha, cells were pelleted and frozen 

immediately at-80ºC until RNA extraction.  

RNA was converted to cDNA with Transcriptor First Strand cDNA Synthesis 

Kit (Roche) using both random hexamer primers and oligo dT according to 

manufacture instructions. 
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Specific primers for human thrombomodulin was used F: 5’ –

ACCCAGGCTAGCTGTGAGT – 3’ e R: 5’ – CGTTTTCGCACTCGTCGATG - 3’ 

(Gene bank NM_ 000361) and pig B-Actin F: 5’ - TCCAGCCCTCCTTCCTGG - 3’  

e R: 5’ - TCGCACTTCATGATCGAGTTG – 3’   (Gene bank U07786). FastStart 

Universal SYBR Green Master (ROX) (Roche- Indianapolis IN) was used on 

StepOne Plus Real-Time PCR System (Applied Biosystems – Fisher Scientific 

Solutions Waltham, MA). 

Expression comparison between groups with and without TNF-treatment 

was made by delta delta CT method. The experiment was made with 3 samples 

from each group and they were repeated in triplicates. 

 
 
 

3.5 β2 Microglobulin (B2M) experiments 

 

In order to test if the protocol would work in other genes, B2M gene swap 

was tested. The same protocol was repeated for replacement of pig B2 

microglobulin to human B2M but using the following DNA sequences instead of the 

described for thrombomodulin protocol 

5’gRNA: AGCACCGCTCCAGTAGCGATGG 

3’gRNA: GGAGGCTCTCAGTCCAGTACAGG 

5’HA: 

GCTATAAATGCGGGCAGGGAGCCGAGCTCTCATTCCACCGCCAGCACCGCT

CCAGTAGCG 
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In the first step of the procedure, 1x106 PAEC were transfected with 2.5µg 

of each CRISPR plasmid in association with 2µg of linearized insert containing a 

promoterless puromycin resistance gene surrounded by recombinase sequences 

followed by an promoterless human B2M gene.  

After puromycin selection, surviving cells were sorted for SLA I negative 

cells to guarantee complete disruption of pig B2M cells using BD FACS Aria sorter 

(BD Bioscience, San Jose, CA, USA). 

Staining for SLA class I was perfomed with mouse anti pig SLA class I clone 

JM1E3 (AbD Serotec) and isotype control Mouse IgG1 negative control (AbD 

Serotec), both diluted 1:50. After 30 min incubation on ice, 2 washing steps were 

performed and cells were sorted. 

After this step, recombination for selection marker removal and initiation of 

human B2M gene by the pig endogenous promoter were performed by transfection 

of 1x106 antibiotic selected cells with pCMV-PhiC31o-NLS (4µg). 

Flow cytometry and sorting was performed using monoclonal mouse anti-

human beta 2 microglobulin antibody [BM2-01] (Abcam) according to the following 

protocol: Primary antibody diluted 1:500 in flow buffer, 100µL for 200,000 cells, 

with 30 min incubation at room temperature. After this staining step, cells were 

incubated with Alexa Fluor 647 AffiniPure Goat anti-mouse IgG (1:750) secondary 

antibody (Jackson ImmunoResearch PA, USA). After washing, cells were 

resuspended with flow buffer and read in BD Accuri C6 flow cytometer machine 

(BD Biosciences, CA, USA) or sorted using BD FACS Aria sorter (BD Bioscience, 

San Jose, CA, USA). 
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After isolation of human B2M positive populations, screening of cells were 

performed: 

Primers for correct inserted B2M amplification 

5’ – TCCACCCAGTCCAACCTTTG – 3’  

5’ – TGTCGGATGGATGAAACCCA – 3’ 

Thermal cycling conditions were 94ºC x 2min (1 cycle), 94ºC x 15s, 54ºC x 

30s and 72ºC x 30s (40 cycles), 72ºCx  7min and 4ºC hold.  

Expected size: 477 bp. 

 

Probe for ddPCR: 

5’- FAM - TCCACCTCACCCATCTGGTCCATC – BHQ1 – 3’   

Primers for ddPCR correct inserted B2M  

5’ – TCCACCCAGTCCAACCTTTG – 3’  

5’ – TGTCGGATGGATGAAACCCA – 3’ 

 

ddPCR Supermix for Probes (BioRad- Hercules CA) was used for PCR 

amplification. Thermal cycling conditions were 95ºC x 10min (1 cycle), 94ºC x 30s, 

60ºC x 120s and 68ºC x 30s (40 cycles), 98ºC x 10 min (1cycle), and 4ºC hold. 

Sample prepared in QX200 Droplet Generator and read in QX200 Droplet Reader 

(BioRad – Hercules CA). 
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3.6 Statistical analysis 

 

Numerical variables were expressed by mean and standard deviation. 

Comparison among the three groups (PAEC, HAEC and TPAEC) was analyzed by 

One-way ANOVA and Bonferroni test for post-hoc multiple comparisons analysis 

for Activated Protein C formation functional assay. Statistical analyses were 

performed using SPSS statistics version 20.0 (IBM, Armonk, NY). Level of 

significance was set at p<0.05. 
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4. Results 

 

Gene swap was achieved by removing the complete coding sequence from 

pig gene with dual CRISPR-Cas9, integrating an insert with a promoterless 

selection marker through homologous recombination at the same time in this 

location. This insert had the antibiotic selection marker surrounded by modified 

PhiC31 recombinase sequences (AttP and AttB) and was followed by a 

promoterless human version of the pig gene to be replaced. After antibiotic 

selection, PhiC31 recombinase expressing plasmid transfection allowed removal of 

selection marker and start of transgene expression. 

In order to optimize steps for this procedure, validating experiments were 

performed to test the cell line and test protocols for correct gene integration. 

After optimization of experimental design, human thrombomodulin was 

added to the insert for gene replacement using the validating experiments data. 

 

 

4.1 Cell Line experiments 

 

Pig aortic endothelial cell lines were utilized for the experiments, since the 

most commonly used fibroblast would not express endothelial gene from the 

endogenous promoter, rendering the experiments impossible. 
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4.1.1 Porcine aortic cell isolation and culture 

After general anesthesia, pig aorta was resected. Cells were harvested 

according to methods section and were plated on a 15cm plate. After 3 days the 

dish was confluent, containing approximately 1.2x107 cells. This procedure was 

repeated for wild type pigs, SLA I KO pigs, and GGTA1 + CMAH KO pigs. 

 

 

4.1.2 Growth curve 

Population doubling level and doubling time curves are shown in Figures 12A 

and 12B respectively. After growing cells 62 days, we found: 

• No signs of senescence  

• Population doublings: 86 times 

• Doubling time: 17.2h 
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Figure	12	–	Pig	aortic	endothelial	cell	line	experiments	results	
A)		Population	doubling	level	(PDL).	
B) Population	doubling	time	(PDT).	Mean	PDT	was	17.2h.	
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4.1.3 Transfection efficiency 

 

After 30 different transfection assays with pEGFP-N1 plasmid (Clontech), 

90.3% efficiency were obtained with 1500V, 30 milliseconds (ms) and 1 pulse. 

Table 2 and 3 show results for standard and extended parameters respectively. 

 

Table 2 - Standard Neon parameters transfection efficiency 

 

 

Sample Voltage ms Pulse number GFP Positive(%) 
1 0 1 1 0 
2 1400 20 1 4.2 
3 1500 20 1 7.7 
4 1600 20 1 11.6 
5 1700 20 1 17.7 
6 1100 30 1 1.5 
7 1200 30 1 4.2 
8 1300 30 1 4.2 
9 1400 30 1 8.1 

10 1000 40 1 1.5 
11 1100 40 1 2 
12 1200 40 1 3.9 
13 1100 20 2 1.5 
14 1200 20 2 3 
15 1300 20 2 8.8 
16 1400 20 2 12.7 
17 850 30 2 0.8 
18 950 30 2 0.7 
19 1050 30 2 2.2 
20 1150 30 2 5.8 
21 1300 10 3 2.1 
22 1400 10 3 4 
23 1500 10 3 8.9 
24 1600 10 3 15 



	

	

53	

 

Table 3 - Extended Neon parameters transfection efficiency 

Sample Voltage ms Pulse 
number 

GFP Positive 
(%) 1 

GFP   Positive 
(%) 2 

1 1300 30 1 11.6 65.1 
2 1500 30 1 42.2 90.3 
3 1600 30 1 46 89.9 
4 1700 20 1 24.1 77 
5 1800 20 1 44.7 89 
6 1900 20 1 49.6 85.7 

 

 

 

4.2 Integration validation experiments 

 

These experiments were performed to test the best protocols for correct 

biallelic integration of DNA into the cells. 

 

 

4.2.1 Selection of dual CRISPR gRNA  

To remove the complete pig CDS, a dual CRISPR gRNA approach was used.  

Only one gRNA at ATG region was available (5’-AGGAGCAGAACGCGGAGCA-

3’). To select the most efficient combination of gRNA pairs, several sequences for 

3’ CRISPR were tested. 

Fig. 13 shows PCR amplification of each cell line treated with each dual 

gRNA. Based on these results, gRNA 1 was chosen for 3’ CRISPR gRNA. 
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4.2.2 Homology arm size 

Two different sizes of 5’ homology arms (60bp vs. 2548bp) were compared 

to determine the most efficient for correct recombination. 

Each tested size was used to create 2 different inserts, both promoterless 

containing a puromycin resistance gene linked with either GFP or mCherry by an 

optimized P2A sequence (Fig. 5) only to be expressed if inserted after a pig 

endogenous promoter. These inserts were transfected in combination with the best 

dual CRISPR combination, to replace pig CDS.  

After sorting simultaneous positive GFP and mCherry cells after puromycin 

selection (Fig. 14A), PCR amplification of gDNA showed significantly less pig 

thrombomodulin remaining when a smaller homology arm was used (Fig. 14B). 

 

 

 

Figure 13 – Dual CRISPR gRNA experiment results 
Comparison of different 3’ gRNA with standard 5’gRNA for pig THBD coding sequence 
removal. gDNA PCR amplification before and after the target regions showing intact (*) 
and removed sequences (**). g1 had the best efficiency (**/*). 
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Figure 14 – Comparison of different 5’ homology arm sizes results 
A) Flow cytometry of puromycin selected cell in experiment 1 (left panel) and 
experiment 2 (right panel). Although experiment 1 (large HA) has more double 
positive cells (Q2), most of them are because of random integration. 
 
B) Comparison of correct integration efficiency in gDNA of antibiotic selected and 
sorted cells between 2.5 Kb and 60bp 5’ homology arm inserts. The latter group 
presented better results seen as fainter band of pig THBD in gDNA PCR 
amplification. 
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4.2.3 Selection strategy for biallelic inserted cells 

 

The smaller arm was used to compare the best selection strategy of biallelic 

insertion. Two inserts were transfected for each experiment, and only cells that 

expressed from both inserts were selected. 

Two experiments were performed. In the first, a single antibiotic selection 

(puromycin) was followed by either GFP or mCherry linked through optimized P2A 

sequence. In the second, the cassettes had different antibiotic selection markers 

(puromycin and Hygromycin) (Fig. 7). Figure 15A shows flow cytometry of 

population cells surviving antibiotic selection and Figure 15B displays PCR 

amplification of gDNA from each of these groups showing that double antibiotic 

group presented significantly better results. 
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When cloning where performed, colony screening showed 88% bi-allelic 

correct insertion (Fig. 16A) with single antibiotic selection followed by 3 sets of cell 

sorting of both GFP and mCherry positive cells.  In the group with dual antibiotic 

selection, 100% biallelic integration was observed (Fig. 16B). 

 

Figure 15 – Comparison of different selection strategies results 
A) Flow cytometry of puromycin selected cell in experiment 1 (left panel) and puromycin 
+ hygromycin in experiment 2 (right panel).  
 
B) Comparison of selection strategy for correct biallelic insertion between single against 
dual antibiotic selection in gDNA of selected and sorted cells. The latter group 
presented better results seen as fainter band of pig THBD in gDNA PCR amplification. 
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4.2.4 Trap test 

When adding an in frame stop/off-Frame start trap to the small 5’ homology 

arm cassette with dual antibiotic selection protocol (Fig. 17A), colonies in the trap 

group showed 100% bi-allelic correct insertion (5/5) and similar GFP and mCherry 

expression, demonstrating that any eventual random integrated cassettes were not 

adding fluorescence to the colonies (Fig. 17B).  

Figure 16 – Colony screening comparison of selection strategy experiments 
A) Correct integration of GFP (upper line) and mCherry (lower line) inserts in clones with 
single antibiotic selection group (1 through 24) showing 100% single allele correct 
integration, 94% overall correct insertion and 88% bi-allelic correct insertion. 
 
B) Correct integration of GFP (upper row) and mCherry (lower row) inserts in clones with 
dual antibiotic selection group (1 through 6) showing 100% correct biallelic insertion. 
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Figure 17 – Inserts for trap experiment and dual color flow cytometry of resulted colonies 
A) Insert for testing Trap efficiency in avoiding random integration gene expression. 
Structure is the same as inserts in dual antibiotic selection experiment with the addition of 
in-frame stop/off-frame start trap. 
 
B) GFP and mCherry expression pattern in clones with 60bp 5’ homology arm associated 
with In-frame stop/off-frame start trap and dual antibiotic selection regimen. Clones show 
same expression pattern, which indicates that random integration do not affect gene 
expression. 
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4.3 Gene replacement experiments 

 

After all validation experiments were performed, the final construct was 

made using this data to replace pig for human thrombomodulin (hTHBD) (Fig 1).  

Although dual antibiotic selection was possible during integration 

experiments, it was not possible once hTHBD was cloned in the cassettes (no 

clones survival) 

A hypothesis that the high similarity between pig and human 

thrombomodulin was impairing homologous recombination at the arm region was 

made. A codon modified hTHBD with no homology after blast homology to pig 

thrombomodulin was used, but this also resulted in no colony formation. 

For this reason, cells were transfected with hygromycin only cassettes.  

72h after single insert transfection in combination with both tested 

CRISPRs, single antibiotic selection was started, and 8 days later, cell clones were 

combined and transfected with pCMV-NLS-PhiC31o. 

 

4.3.1 Flow cytometry  

Flow cytometry was performed 48h after PhiC31 transfection, and a high 

number of cells expressing hTHBD were observed (Fig. 18A). These positive cells 

were present in a clonal population pattern, with narrow base and the results were 

similar in different experiments using puromycin or hygromycin and modified 

human thrombomodulin.  
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To test reproducibility, the same experiment was repeated using Puromycin 

as antibiotic resistance gene, in different cell lines (primary and immortalized aortic 

endothelial cell lines) and with swine codon optimized version of human 

thrombomodulin, and results were similar for all the occasions as shown in picture 

18B. 
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Figure 18 – Human thrombomodulin expression in PAEC 
A) Human thrombomodulin expression before (black) and after (red) pCMV-
NLS-PhiC31o plasmid transfection in hygromycin selected PAEC. 
 
B) Protocol reproducibility test with different cell lines, antibiotic selection 
markers and versions of human thrombomodulin showing similar results. 
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4.3.2 FACS 

FACS was performed in the PhiC31 transfected cells. After cell sorting, 

transgenic pig aortic endothelial cells (TPAEC) presented higher hTHBD 

expression and a narrower expression profile than human cells (Fig. 19A)  

In order to evaluate random integration gene expression (defective trap), a 

clone selected with bi-allelic inserted dual antibiotic non-modified human 

thrombomodulin cassette (selection with lower antibiotic dose, requiring screening 

of dual integrated cells) was transfected with pCMV-NLS-PhiC31o. Two days after 

clone transfection, expression of this clone showed similar expression pattern as 

non-clonal sorted cells (Fig. 19B). 
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4.4 Characterization experiments 

 

After sorting of cells expressing hTHBD, characterization experiments were 

performed to test the new transgenic cell line.  

 

Figure 19 – Human thrombomodulin expression in sorted PAEC 
 
A) Comparison of human thrombomodulin expression in cells before (black) and after 
recombinase treatment + FACS (red).   Expression of hTHBD by human aortic 
endothelial cells was analyzed for comparison (blue). 
 
B) Comparison of hTHBD expression in a clonal double allelic inserted cell line in the 
second day after pCMV-PhiC31-NLS transfection (blue) against bulky sorted non-clonal 
TPAEC (red). This result shows that the protocol using non-clonal cells has the exact 
same expression as cloned cells. 
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4.4.1 Mono-allelic vs. bi-allelic correct insertion 

 

4.4.1.1 Qualitative measurement 

In order to detect remaining pig thrombomodulin copies, PCR amplification 

capable of amplifying the three possible outcomes after cell treatment was used 

(Fig. 10, blue primers). 

As seen in Figure 20A, correct inserted human thrombomodulin (**) is the 

most prevalent outcome, followed by deletion of pig thrombomodulin (***). 

Unmodified pig thrombomodulin (*) could not be detected by this method. 

To evaluate further, specific primers for pig thrombomodulin were used (Fig. 

10, orange primers). When compared to non-transfected cells, the amount of pig 

thrombomodulin is much lower (Fig. 20B). This band was cloned for sequencing, 

and results showed that 5 out 7 clones presented mutation that caused frame shift 

and knock out of the protein. 
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4.4.1.2 Quantitative measurement 

In order to determine quantitatively mono-allelic vs. bi-allelic correct 

insertion, digital droplet PCR was performed (green primers and probes, Fig 11). In 

sorted experimental pig cells, copy number varied from 1.18 to 1.01 with a mean of 

Figure	20	–	Genotyping	of	human	thrombomodulin	transgenic	cell	line	
A) PCR amplification for thrombomodulin region sequences of wild type (WT) PAEC and 
sorted TPAEC. In lane 1, untreated PAEC were used as a control for pig thrombomodulin 
amplification of 3505 bp (*). In lane 2, TPAEC expressing human thrombomodulin 
enabled amplification of a band of 2525 bp corresponding to the human sequences (**) 
and a smaller band (455 bp) indicative of complete removal of pig thrombomodulin 
coding sequence (***) without transgene incorporation.  Amplification of full length pig 
thrombomodulin was not observed. The presence of remaining pig thrombomodulin was 
more carefully examined in B) by using pig specific PCR primers.  Lane 1 represents a no 
DNA negative control.  Lane 2 shows amplification of the pig thrombomodulin gene from 
untreated pig AEC.  Lane 3 shows reduced amplification of the pig gene in human 
transgene expressing cells.  C) Sequencing histogram of band representing human 
thrombomodulin inserted after pig endogenous promoter. No mix peaks were found in 
bulky sorted cells, showing that genotype is the same for all cells. 
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1.09 copies per cell (about 10% of cells with correct biallelic gene replacement) 

(Fig. 21A). 

In regard to total copy number of inserts per cell (yellow primers and probe, 

fig. 11), including random integration, we found a mean number of 5.28 copies per 

cell (Fig. 21B). 

 

Figure	21	–	Human	thrombomodulin	ddPCR	quantification	in	TPAEC		
A)		ddPCR	of	correct	integrated	construct.	
B) ddPCR	of	total	integrated	construct.	



	

	

68	

4.4.2 Sequencing 

Sequencing of correct inserted hTHBD band (**) showed the exact predicted 

sequence, with no mix peaks, confirming that all cells presented the same 

genotype (Fig. 20C). 

 

4.4.3 Functional assay  

The function of human thrombomodulin was tested by its ability to activate 

protein C in the presence of human thrombin. Figure 22 shows the measured 

activated protein C in experimental group and positive and negative controls.  

 

 

Figure 22 – Activation of protein C in PAEC, HAEC and TPAEC 
Functional assay of human thrombomodulin by quantification of activated protein C 
generated by incubation of protein C and thrombin with the cells. White bars show 
incubation of protein C with 0.1IU/ml of thrombin and blue bars show incubation of protein 
C with 1.0 IU/ml of thrombin. TAEC presented more activation of protein C than human 
controls and WT pig cells in both thrombin concentrations, ANOVA (p<0.001). 
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Mean measured Activated protein C in the experiment with thrombin 0.1 

IU/ml was -0.0004µg/ml in PAEC (± 0.02073), 0.3306µg/ml (± 0.011327) in HAEC 

and 1.0998µg/ml (± 0.18976) in TPAEC (p<0.001) 

Mean measured Activated protein C in the experiment with thrombin 1.0 

IU/ml was 0.2072µg/ml in PAEC (±0.054687), 0.7658 µg/ml (±0.1295) in HAEC 

and 3.7606µg/ml (±0.21546) in TPAEC (p<0.001). 

 

 

4.4.4 Promoter regulation assay 

To evaluate the persistence of promoter regulation, pig transgenic cells for 

human thrombomodulin were incubated with TNF-Alpha for 3 days (10ng/ml).  

Cells were compared with untreated controls with qPCR (Fig. 23A) and flow 

cytometry (Fig. 23B) and showing decreased thrombomodulin expression in the 

treated group. When compared with human matched controls, the difference in 

expression was similar (Fig. 23C). 
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Figure 23 – Promoter regulation assay results 
A) qPCR comparing human thrombomodulin transcript levels in transgenic pig aortic 
endothelial  cells (TPAEC) incubated with TNF-alpha for 3 days (blue) versus 
untreated TPAEC (light gray).   
 
B) Comparison of transgenic pig aortic endothelial cells not treated (black histogram) 
and treated (blue histogram) with TNF-alpha. 
 
C) Human aortic endothelial cells flow cytometry histogram of non-treated (black) and 
treated (red) cells with TNF-Alpha.  
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4.5 B2M experiments 

 

The same experiment was performed with B2M gene. After transfecting dual 

gRNA for pig B2M removal together with a puromycin insert with hidden human 

B2M, puromycin positive cells were sorted and negative SLA I cells were 

separated and grown (Fig. 24A).  

This step selected pig cells with complete knockout of pig B2M. After that, 

recombinase plasmid were transfected to those cells, and positive human B2M 

cells were sorted with human specific antibody in two populations, as seen in figure 

24B.  

ddPCR were performed (Fig. 24C) in each of this population, as well as 

sequencing (Fig. 24D). Digital PCR showed that the population with more 

expression of human B2M presented more than one copy per cell, while the other 

population showed small number of correct inserted transgene. Sequencing results 

showed that there was mixed peaks in the region of homology arm. 

This can be explained by the fact that a PAM sequence (removed in the 5’ 

HA arm transition to the ATGG sequence) was reconstituted by accident when 

cloning this arm into the insert plasmid. This allowed the 5’ CRISPR gRNA to target 

the inserts, allowing removal of the 5’ HA and trap from it. In this scenario, random 

integration could happen. 

Even with this experimental design problem, it was possible to obtain a 

clonal pattern of expression of human B2M with at least one copy per cell in the 
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correct location based on digital PCR in a subpopulation. This population 

presented the same expression pattern as human cells, as shown in Fig. 24B. 

 

 

 

Figure 24 – B2M experiments results  
A)  SLA I stained puromycin selected PAEC in red and isotype staining in blue. 
B) Human specific B2M stained puromycin selected PAEC before (blue) and after 

(red) recombinase. HAEC stained for human B2M. 
C) ddPCR in duplicate of corrected inserted hB2M in weaker (0.293 copies per 

cell) and stronger peak (1.15-1.23 copies per cell). 
D) gDNA sequencing of stronger hB2M peak cell population showing mixed peaks 

at 5’ HA region. 



	

	

 

 

5. DISCUSSION 
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5. Discussion  
 

 

Pig is an important model for disease studies and a potential candidate for 

unlimited organs for xenotransplantation.  

After the development of multiple nucleases, knockout animals are easier 

and faster to be generated, with consistent phenotype in spite of different genotype 

(any frame-shift mutation will generate the same functional end result). 

However, so far, generation of gain of function transgenic pigs were difficult 

and unpredictable since different genotypes will generate different phenotypes in 

the adult animal.  

Since there is a shortage of targeted mutation for large animals, mainly due 

to lack of long lasting stem cell lines for the lengthy protocols used for mice, for 

example, most transgenic animals are generated by random integration. 

Random integration generated transgenic pigs will present different 

expression profiles in each animal, with patchy organ expression of transgene and 

susceptible to methylation of exogenous promoters, decreasing expression over 

time (95).  

Also, some techniques for generation of transgenic animals with more 

predictable expression pattern usually require multiple steps and multiple 

generations of animals, such as recombinase DNA integration. In comparison to 

smaller animals, pigs have a relatively long gestation time (114 against 20 days) 
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and take longer to reach sexual maturity (5-6 months against 4-8 weeks in mice) 

(105-107). 

In addition to that, housing large animals is expensive, and producing 

intermediary transgenic pigs for two-step procedures and screening for the correct 

expression profile can be time consuming. 

Thrombomodulin transgenic pigs have been generated before, however, 

none of them with a consistent expression in endothelial tissues. The techniques 

varied from using viral promoters with random integration (104, 108, 109), cloning 

pig endogenous promoter (110) and endothelial specific promoter surrounded by 

insulators (111). Expression of human thrombomodulin in aortic endothelial cells in 

those experiments was as low as 8% in the adult animal (111). 

Using the same promoter, Iwase archived 96% positive expression of 

thrombomodulin in aortic endothelial cells using insulator (111), however, no 

expression on kidneys for xenotransplant (85).  

This inconsistence is very prejudicial for xenotransplant experiments 

comparing different immunosuppressive regimens, because positive controls can 

range from no expression to 96%. 

In addition to that, none of these previous pigs were generated with knock 

out of the endogenous pig thrombomodulin. This may be the reason why the 

function of human thrombomodulin in those cells could not reach the same as 

human cells, in spite that their expression was higher than in human cells for some 

clones. 
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That happened because both pig and human thrombomodulin can bind 

human protein C, but only the latter complex can activate human protein C (84), 

generating a competition for substrate, archiving lower results. 

For those reasons we developed a new technique, clonal gene transplant 

(CGT), which replaces the pig gene for the human counterpart in a clonal fashion, 

allowing bypassing cell screening, being suitable for generation of transgenic 

animals with an predictable expression pattern. 

In this study we have established a protocol for gene swap with clonal 

expression pattern using promoterless strategy associated with a trap to impair 

expression if incorrectly inserted after a random promoter. Also, genotyping was 

identical in all working transgene loci. This technique achieved 100% biallelic gene 

replacement and 100% single allele pig-to-human gene swap. 

Because of the similarity of phenotype and genotype described above, 

clones could be combined, allowing a very fast procedure, generating cells for 

somatic cell nuclear transfer in 14-20 days after transfection. 

Also, using the endogenous promoter we could maintain complete gene 

regulation not shown in other pig models (104). This maintained regulation could 

be important in disease models, where a trigger can start gene expression or stop 

gene expression, which would be more physiologic than unaltered gene 

expression. 

In addition to that, the most important advantage of preserving the promoter 

with in locus integration is consistent and tissue specific gene expression after 

animal generation as shown by Raife in mice models (98). 
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For that, first we needed to select primary cells with endothelial gene 

expression that had good life span and high cloning capability. We utilized primary 

pig aortic endothelial cell lines for the experiments.  

These cells were utilized previously in our service to generate pigs 

(unpublished observations by Estrada, Reyes, Santos). This choice is very 

important both for a molecular point of view, and with an expression pattern point 

of view.  

The most commonly utilized cell line for somatic cell nuclear transfer is 

fibroblast, including when generation of endothelial specific transgenic animal is 

done. Any experiment utilizing this kind of cell line would generate animals with 

incorrect expression and regulation pattern of any endothelial gene.  

Second, we validated the best size of 5’ homology arms for the specific 

correct insertion strategy. We had better results by using small 5’Homology arms 

(60 base pairs), because bigger homology arms cloned the endogenous promoter, 

making random integrated inserted cells to survive as well. We hypothesize that 

the size of homology arm could be bigger, as long as it does not reach the pre-

initiation complex region, which could trigger random integrated cells to express 

the selection markers if inserted after a promoter. 

Orlando et al achieved a similar result in homologous derived integration 

using 50bp homology arms when compared to sizes 15 times larger. However, the 

overall correct integration was much lower (up to 10%) (112) due to lack of 

optimized protocols suitable for primary cells for SCNT. 
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Third, we inverted the usual arrangement of DNA insert. Most protocols for 

target mutation usually have the gene of interest in the 5’ and the selection marker 

downstream with its own promoter. Using conventional cassettes in addition to dual 

CRISPR protocol, as low as 13.6% of the colonies have the insert in the right place 

as reported by Chen (113).  

This means that most cells are surviving because of random integration of 

the expression/selection cassette, making cloning and genotyping necessary. In 

our experiments for example, there were 5 copies of the insert per cell, but only 

one in the correct location. This shows that a lot of other cells could have survived 

if a selection marker with promoter were used, decreasing the number of correct 

inserted cells in the overall recovered amount. 

In addition to that, there is no safe way to guaranty that selection marker will 

be removed from the cell in the second step, unless other cloning step is 

performed.  In the same manuscript Chen used dual CRISPR for gene 

replacement, only 42.5% of clones had the selection marker removed after Cre 

recombinase (113).  In combination with the first step, 2 sets of cloning in the same 

cell line were required, which would be impossible in pig primary cells for somatic 

cell nuclear transfer. 

This inversion allowed 100% biallelic gene swap in integration experiments, 

and 100% single allele integration in gene replacement experiments. Further 

protocol optimization is being done to allow 100% biallelic gene insertion in both 

kinds of experiments.  
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Since we did not get the same result when adding human thrombomodulin 

to the final insert, the hypothesis that the high similarity between pig and human 

thrombomodulin was impairing homologous recombination in the homology arms 

region was made. As the arm had only 60bp and the thrombomodulin gene has 

1.8kb, the homology could be happening inside this gene. 

To try to avoid this from happening, we customized the human 

thrombomodulin by changing the nucleotides but not changing the amino acids 

from the protein. This was made by codon optimization for pig base usage in a way 

that the least amount of homology was obtained. After codon modification, there 

was no homology in BLAST alignment between new human thrombomodulin 

sequence and pig thrombomodulin. 

In spite of this effort, we still did not get any colony after selecting only 

biallelic inserted cells with different antibiotic selection marker. 

Further protocol optimization is being done to allow pig–to-human biallelic 

gene replacement. 

Fourth, by incorporating the in-frame stop/off-frame start codon trap, if the 

insert was integrated in the coding sequence of a random gene, the stop trap 

would interrupt selection marker to be translated. Also, if the insert was integrated 

after a random promoter, before transcription initiation, an off-frame start codon 

would initiate off-frame RNA translation of the selection marker, again, not allowing 

antibiotic resistance gene to be expressed by the cell line. In addition to that, the 

trap is maintained into the insert if NHEJ happens in the targeted location, causing 

an off-frame expression of selection marker through this endogenous promoter, 
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generating a truncated protein and cell death by the antibiotic in the media. This 

allowed the cell population to have the exact same genotype at the target location 

(HR) and same expression profile, since no random integrated inserts contributed 

to human thrombomodulin expression. 

Fifth, we utilized serine recombinase PhiC31 for removal of the selection 

marker. With the promoter outside strategy for cell selection, only cells with correct 

insert and recombination will express the selection markers in the first step and the 

gene of interest in the second step respectively.  

After recombination, this site becomes inactive in the absence of co-factors; 

so new recombination in successive experiments would not be affected. 

This is particular important in the case of manipulating SLA class I, since 

there are several genes close together, so persistence of an active site could 

impair to ability to do multiple alterations in this segment, which would not be 

possible with more commonly used tyrosine recombinases (Cre, FLP). In this 

family of recombinases, the recombinase site remains active, even after 

recombination. 

This is the first time in our knowledge of a promoter outside strategy using 

PhiC31 recombinase. This site is usually 250bp long and has an ATG sequence 

inside of it, so this approach in the full size is impossible.  

Some reports states that the full size recombinase site is more efficient than 

the minimal size (114). So a balance in the size of recombinase site and absence 

of ATG sequence was important for the high efficiency of our protocol. 



	

	

81	

When the gene of interest was hidden behind the selection cassette, we 

could note that the efficiency of removal of the cassette using codon optimized 

PhiC31 recombinase site and modified sites (size) was very high (limited probably 

only by transfection efficiency of the cell line). Previous in vitro studies with 

excision using the most commonly used Cre/ LoxP and FLP/FRT excision showed 

that Cre would only recombine 70% of substrate against 100% of FLP, however, 

less quantity of enzyme was necessary (115). 

One in vivo study comparing efficiencies of resolution of Cre, FLP, FLPo, 

PhiC31 and PhiC31o showed that the efficiencies of recombination of PhiC31o 

were similar to Cre, in about 80% of clones (102). However, this study used 

integrated expression cassette of the recombinase, while in our study we use 

transient expression of the recombinase, showing very efficient recombination of a 

bigger cassette. 

More importantly, in this protocol we achieved a clonal expression pattern 

without cloning cells, showed by at least one copy per cell in the correct location by 

digital droplet PCR, and the perfect match of expression profile of clone and sorted 

non-clonal cells.  

Copy number variation (CNV) detection using real-time PCR presents 

procedural difficulties (116). 

In this method, quantitative data is acquired from the cycle threshold (CT), a 

point where the fluorescent signal increases above background. External 

calibrators or comparison to endogenous controls are necessary to evaluate the 
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amount of an unknown. Amplification efficiencies affect Ct values, reducing the 

accuracy of this method for absolute quantitation (103).  

Digital PCR is a method based on dilution of template DNA to independent 

non-interacting partitions (117). Inside each of these partitions, template DNA can 

be amplified if present or not amplified if not present. 

As digital PCR relies on a binary end-point, either positive or negative (one 

or zero, respectively), amplification efficiencies has little interference in the 

evaluation of DNA copy number (103). 

The utilization of different fluorescent probes permits simultaneous 

evaluation of a particular DNA region of interest (ROI) in comparison to a reference 

amplicon in a single reaction (103), allowing single reaction CNV evaluation. 

Although ddPCR was used before to estimate copy number, to our 

knowledge, this is the first time it was utilized to estimate correct integrated copy 

number in a non-clonal population, because there is a lack of models for this kind 

of integration. 

In addition to thrombomodulin gene replacement, this new technique (CGT) 

was also tested in B2M gene. Our data show that it inserted the gene in the correct 

location as predicted, however, because of an experimental design problem, 

sequencing presented mix peaks. 

This problem was caused because the PAM sequence from the target 

sequence, which was removed from the 5’ Homology arm (ATG sequence) from 

the insert, was re-integrated once this arm was cloned using AscI restriction 

enzyme. With this, the CRISPR used to target pig B2M ATG region, could cut this 
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pig genomic region, in addition to the insert (before and after integration). This 

resulted in random integration of the insert expressing the selection marker, as well 

as correct integrated gene to have different genotype in different cells because of 

non-homologous end-joining correction after gene integration. 

 Although the results were not perfect, we could show that B2M promoter 

also works in driving the selection marker to allow cell selection. 

By utilizing this approach, cell culture procedure is shortened and made it 

easy, since no cloning is necessary, and a single cell-sorting round is necessary to 

select the cells with transgene expression.  

The only limitation of this model is the necessity of an active promoter that is 

strong enough to drive the antibiotic resistance gene. Although tested with some 

limitations, these requirements were met in replacement of pig to human 

thrombomodulin, B2M and Swine Leukocyte Antigen (SLA) class I to Human 

Leukocyte Antigen (HLA) class I (data not shown) in aortic endothelial cell lines. 

For all the mentioned reasons, this model would aid in the making of not 

only animals for xenotransplant, but as well for disease models. 

One good example of this would be Huntington’s disease. To date, there is 

not a single pig model with consistent expression of the transgenic protein and 

correlated symptoms, mainly because random integration and silencing possibility 

(118).  

Since the phenotype can only be analyzed after years, it is difficult and 

expensive to screen several animals for the expected symptoms in traditional 

random integration model.  
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In addition to that, Huntington’s disease has several phenotypes, based on 

the length of CG repeats of human gene.  

Our technique could be use to generate pigs with same expression pattern 

and different CG repeats to evaluate clinical symptoms in older age, since the only 

variable would be the CG repeats, instead of copy number, positional effect, 

expression in the target tissue and silencing over time as seen in conventional 

models. 

In summary, this new “clonal gene transplant” model is easy, fast, works 

with different genes, consistent, and could become the new standard for 

generation of transgenic animals. 
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6. Conclusions 

 

• Pig aortic endothelial cells have a high transfection efficiency, long life span, 

and good cloning capabilities 

• Pig aortic endothelial cells are ideal for generation of transgenic pigs that 

express endothelial transgenes 

• This new technique (Clonal Gene Transplant) was feasible, easy to perform 

and reproducible for replacement of pig to human thrombomodulin using pig 

endogenous promoter  

• The technique was also possible in other gene as shown in replacement of 

pig B2M to human B2M, in spite of some experiment design problems 

• Gene expression was at least the same as the human cell controls, even 

though most transgenic pig cell lines only presented one copy of the insert 

in the right location instead of two copies 

• This technique will allow generation of transgenic animals with predictable 

expression pattern not susceptible to loss of expression over time 

• It will also save time and money because transgenic animal screening and 

re-cloning will not be required 
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DNA sequences utilized in the study 

 

Human codon optimized human thrombomodulin: 
ATGCTGGGTGTGCTCGTCCTGGGCGCCCTGGCATTGGCGGGGCTGGGTTTC
CCTGCCCCCGCTGAGCCCCAACCCGGCGGGTCTCAGTGTGTGGAACACGAT
TGTTTCGCCCTGTATCCAGGACCAGCCACCTTTCTGAACGCCTCTCAGATCTG
TGACGGACTGAGAGGACATCTCATGACAGTCAGGTCATCCGTCGCCGCCGAC
GTGATTAGCCTCCTGCTCAATGGAGACGGAGGCGTGGGCAGGAGAAGGCTG
TGGATTGGACTCCAGCTGCCTCCAGGATGTGGAGACCCAAAAAGACTGGGCC
CACTCAGAGGATTTCAGTGGGTGACCGGCGATAATAACACATCCTATTCCCG
CTGGGCCAGACTGGACCTGAATGGCGCCCCTCTGTGTGGACCACTCTGTGTG
GCCGTGAGCGCTGCCGAAGCTACCGTGCCCTCCGAACCCATTTGGGAAGAG
CAGCAGTGTGAGGTCAAAGCCGATGGATTTCTGTGTGAATTTCATTTCCCAGC
TACCTGTAGACCACTCGCCGTCGAGCCAGGAGCTGCCGCCGCCGCAGTGAG
CATTACATATGGAACCCCCTTTGCCGCTAGAGGAGCCGATTTTCAAGCCCTCC
CCGTCGGATCCAGCGCTGCCGTCGCCCCACTGGGCCTCCAGCTCATGTGTA
CCGCCCCCCCAGGCGCCGTGCAAGGCCATTGGGCTAGAGAAGCCCCCGGC
GCTTGGGATTGTTCAGTGGAAAATGGAGGATGTGAACATGCCTGTAATGCCAT
CCCTGGCGCCCCCAGGTGTCAGTGTCCAGCTGGAGCTGCTCTCCAGGCCGA
CGGCAGAAGCTGTACCGCCAGCGCCACCCAGAGCTGTAATGACCTGTGTGAA
CACTTCTGTGTGCCTAATCCAGATCAGCCAGGATCATATAGCTGTATGTGTGA
AACCGGATATAGACTCGCCGCTGACCAACACAGATGTGAAGATGTCGATGAT
TGTATCCTCGAACCTTCCCCATGTCCTCAACGGTGCGTGAATACCCAAGGAG
GCTTTGAATGTCATTGTTACCCTAATTATGACCTGGTCGATGGAGAATGTGTG
GAACCAGTCGATCCCTGTTTTAGAGCCAATTGTGAATATCAATGTCAACCCCT
CAATCAGACCTCATATCTGTGTGTGTGTGCCGAAGGATTTGCCCCAATTCCAC
ATGAGCCTCATCGCTGTCAAATGTTTTGCAATCAAACCGCCTGTCCAGCTGAT
TGTGATCCTAATACCCAAGCTTCATGTGAATGTCCAGAGGGATATATTCTCGA
TGACGGATTCATCTGTACAGATATTGATGAATGTGAAAATGGAGGATTCTGTA
GCGGGGTCTGTCACAATCTGCCAGGAACATTCGAATGTATTTGTGGACCAGA
CTCCGCTCTGGCTCGCCATATCGGAACCGATTGTGATAGCGGAAAGGTGGAT
GGAGGAGATAGCGGAAGCGGCGAACCTCCACCTTCCCCTACACCAGGATCC
ACACTGACACCACCTGCTGTGGGCCTGGTCCACAGCGGACTCCTCATCGGAA
TTAGCATTGCTTCTCTCTGCCTCGTGGTCGCCCTGCTCGCCCTGCTCTGTCAT
CTCAGGAAGAAACAGGGAGCAGCCCGAGCTAAGATGGAATATAAATGTGCTG
CACCTAGCAAAGAAGTCGTCCTCCAACATGTCCGGACCGAAAGAACACCACA
ACGGCTGTGA 
 
 
 
Modified PhiC31 AttP sequence: 
AGAAGCGGTTTTCGGGAGTAGTGCCCCAACTGGGGTAACCTTTGAGTTCTCT
CAGTTGGGGGCGTAGGGTCGCCGACATGACAC 
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Modified PhiC31 AttB sequence: 
TCACGGTCTCGAAGCCGCGGTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCC
CGGGCGCGTACTCCACCTCACCCATCTGGTCCA 
 
 
60 bp 5’ Homology arm: 
CTGGCAGCTCCCTGCGCCTCTCAGCCCCGGCCGGGCCCCTGCGCTTGGCGT
GCTGACACC 
 
 
2548 bp 5’ Homology arm: 
CTGTGATTATGGCTACTGTGTTGGACACTTTAGGCATCCCCCCACCCCGTCCC
CGCCCCACACCCCTGAGTGCTAGTGACGGATGTTCCCACCCAGGGGGCCTG
GAGCCTTTATCACCAGCCATCGGGAATCAGAACCGTATCTCACAGTCCCCAT
GCCTGGAGCACCTGGAATTGTGCCCTTGGACTCGTGGGTGTTCTGCTTCTCA
GTGGGAGAAGCTTAGGTTCTAAGTCAGAGCAGGGACAGCCCCCATGTGCTCA
GGACCCAGTGTGAAGGGGTCTGCCTCAGGGGACCTGGGGGTTACAAGGGTA
AGAGAAGGTGTTCATGTTGGAACTAGAAGTTCTTTTTCACTGCTCTGAAGAAA
AAAGCTGCCTCCCACCCTTGGTACAGCTCTTCTGCTAACAGTGAATCAGGCA
GAACGTGTTCAAGAAGTGACCCAGCCTGGTGGGGGCCAGACCTGACCCTTG
ATGGTCCCTCAACCCCTCCGAGGGTCCCGCCCTTCCTTTACTGCTTTGTTGTC
TGTCCTGAGAGGTTTGGCTAATGTCGAACCAAGGGTGTGGCTGGTCCTGTCC
CCTTTCCTGTCTCACGCACCCACCTCTGAAGTCTCTGTAGCTGGTTCCAGCCG
GGATCTGGAGCCACTCCCCCCGCCCCAGGCCCAGTGGTACAGACTCTTGCA
GAGTCGGGGGCCCCTGACTCAGCCCCACCGCCAGCGGGATGTCAGGCCAG
CACCCGCCCCACTCCCACTGATCTGGGGGGGGTGTCTTTCCTTCCTCCTTCC
AAAGGAGCCTCAGACCTTCCTGTGGGGCACGGGGGCAGTGGGATTCAGGAG
GCTCTGAGTCAGCAGGCCGGCATTGAGGAGTATAAAGGGACCCCAGTTCCTC
CCCCTTTCACTTGTGGCTTATCGCCGCCCCACCCTGCCCCAAGGTCACTGCG
GTCAGTACAGTCCTCAGCTGCCAGCAGGTGCCTGTCTTTACTTGTGAGGCCG
CCACGCTCTCCTGTTTCTCCAGGTCTGGGCTCTGTTGGAAGTGGGGGCCCGA
CCCCCGGGTAAGATGGGGGATCTGCGTGTCCTGCCCTCAGAGGCCTCCTCC
TCCCCGCACCCCTAACCCTTTCAGCCCAACAAGGCTGGAGATCTCCCACATC
TTTGGCTTCGTTAAGAGTTCAACAGCGCCGCCACCCGGCATGTCGCTGAGCA
GAGGATGGCACAGGGTGTTAAAAAAAAAAAAAGGTTGCCACACTCCGTTCGG
TTTTGGGCCCACCCTTTCGCATTCCTGGAGCCTGAGTAAGCGGATAAGGCTG
TGAAAGTGACAGATTCCTGCCACCTCCTTCCAGCGCTCATGCACAGGGACCG
CCCCTCTTCGGTGTCCTTTGCTGCACAAGTGCATTTGCACATTCCTGTCTCAA
TCTGGTTTCTCCCCCTTAAAAGATGGGAATGTGACCTGCTTGGAGCCCCTCG
CCTCGCCAGGGCACCCCATCCGTCCCTTCAGGGGTGGAGATGGACTGTCCC
TCTGCAAGGCTGGATGAACTCAGACCAAACAGGCCAACTTGCTCCCCAAATA
CGCCCACCCCTACCGGGCTGCAGGAATTCGCCTGTCACCACTGCTGAAGGG
TGACCTTGCAGCCCTGAGAGCATCCCCATGACTTGCCCACCAGATGAAGTCT
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GGTTGTGGCAGGTCGCGCTCAGGGACTCCCGGGTCCCACCTGGGGGTGGG
AGGATCCTCCTTTGCTCGTGGTCGCCCCAGCCACGCCCTCCTTTCCAAGCGC
CAGTCTCCAGAGCTCCGTGCCCCGGCGGAGGCGGTCTGGCTCTCTCTCCTT
GCCCCTCTCTCCTTGCCCCTAGCAGCCCTTCTCCTAAACCCTCTGAGCAGCG
GGCACCTCCTCCCGAGGCCCTGGGCTAAGTCCCCACCCTTCATCTCAAGCCT
TCCTCCTTGACTCCCTCTTCCCAGAGTTCCTTGAAATAGGTGGTAAGTACACA
CCGATGACGGAAAACAAAGACTAAGAGGTTAAAGAGGGCTGAGGATTACGGC
CCCGGTAGGGCTGCGCGCGAGGGGGTCGAGTGGCCGGGCGGTCCCGTCGC
CGGGCAGACAGAGGTGCGGTTCTCCCGGGCGCCTGCGCTGCCGGCCCCGC
CCGGAGCCCTCCCAGCCGGCGCCCAGTTTACTCATCCCGGAGAGGTGATCC
CGGGCGCGAGGGCGGGCGCAGGGCGTCCGGAGAACCCAGTAATCCGAGAA
TGCAGCATCAGCCCTTCCCACCAGGCACTTCCTTCCTTTTCCCGAACGTCCAG
GGAGGGGGGCCGCGCACTTATAAACTCGGGCCGGACCCGCCGGCCTGTCA
GAGGCTGCCTCGCTGGGGCTGCGCGCGGCGGCCGGACACATCTGGTCCGA
GACCAACGCGAGCGACTGTCACTGGCAGCTCCCTGCGCCTCTCAGCCCCGG
CCGGGCCCCTGCGCTTGGCGTGCTGACACC 
 
 
Hygromycin-hTHBD insert: 
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGA
GACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCA
GGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGC
ATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCAC
AGATGCGTAAGGAGAAAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGC
GCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCT
GGCGGCCTGCGCAACACGCGATCGCGGCGCGCCTAATGATAGAGCCACCAT
GGACCTGGCAGCTCCCTGCGCCTCTCAGCCCCGGCCGGGCCCCTGCGCTTG
GCGTGCTGACACCGGCGCGCCCTTAAGAGAAGCGGTTTTCGGGAGTAGTGC
CCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGGGGGCGTAGGGTCGCCGA
CATGACACCTTAAGGATATCATGAAAAAGCCTGAACTCACCGCGACGTCTGTC
GAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCT
CGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATA
TGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTT
ATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGG
GGAATTCAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTC
ACGTTGCAAGACCTGCCTGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCG
CGGAGGCCATGGATGCCATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGT
TCGGCCCATTCGGACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTT
CATATGCGCGATTGCTGATCCCCATGTGTATCACTGGCAAACTGTGATGGAC
GACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGG
GCCGAGGACTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTCGGCTCC
AACAATGTCCTGACGGACAATGGCCGCATAACAGCGGTCATTGACTGGAGCG
AGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAG
GCCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCA
TCCGGAGCTTGCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGG
TCTTGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTT
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GGGCGCAGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCG
GGCGTACACAAATCGCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTG
TAGAAGTACTCGCCGATAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGG
CAAAGGAATGAACCTGAGCTAGCTGGCCAGACATGATAAGATACATTGATGA
GTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAAT
TTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAA
CAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGG
TTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGGTCGACGATATCGTT
TAAACACGCGTTCTAGATCACGGTCTCGAAGCCGCGGTGCGGGTGCCAGGG
CGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACCCATCTGGTCCATC
TAGATTCGAAATGCTTGGGGTCCTGGTCCTTGGCGCGCTGGCCCTGGCCGG
CCTGGGGTTCCCCGCACCCGCAGAGCCGCAGCCGGGTGGCAGCCAGTGCG
TCGAGCACGACTGCTTCGCGCTCTACCCGGGCCCCGCGACCTTCCTCAATGC
CAGTCAGATCTGCGACGGACTGCGGGGCCACCTAATGACAGTGCGCTCCTC
GGTGGCTGCCGATGTCATTTCCTTGCTACTGAACGGCGACGGCGGCGTTGG
CCGCCGGCGCCTCTGGATCGGCCTGCAGCTGCCACCCGGCTGCGGCGACC
CCAAGCGCCTCGGGCCCCTGCGCGGCTTCCAGTGGGTTACGGGAGACAACA
ACACCAGCTATAGCAGGTGGGCACGGCTCGACCTCAATGGGGCTCCCCTCT
GCGGCCCGTTGTGCGTCGCTGTCTCCGCTGCTGAGGCCACTGTGCCCAGCG
AGCCGATCTGGGAGGAGCAGCAGTGCGAAGTGAAGGCCGATGGCTTCCTCT
GCGAGTTCCACTTCCCAGCCACCTGCAGGCCACTGGCTGTGGAGCCCGGCG
CCGCGGCTGCCGCCGTCTCGATCACCTACGGCACCCCGTTCGCGGCCCGCG
GAGCGGACTTCCAGGCGCTGCCGGTGGGCAGCTCCGCCGCGGTGGCTCCC
CTCGGCTTACAGCTAATGTGCACCGCGCCGCCCGGAGCGGTCCAGGGGCAC
TGGGCCAGGGAGGCGCCGGGCGCTTGGGACTGCAGCGTGGAGAACGGCGG
CTGCGAGCACGCGTGCAATGCGATCCCTGGGGCTCCCCGCTGCCAGTGCCC
AGCCGGCGCCGCCCTGCAGGCAGACGGGCGCTCCTGCACCGCATCCGCGA
CGCAGTCCTGCAACGACCTCTGCGAGCACTTCTGCGTTCCCAACCCCGACCA
GCCGGGCTCCTACTCGTGCATGTGCGAGACCGGCTACCGGCTGGCGGCCGA
CCAACACCGGTGCGAGGACGTGGATGACTGCATACTGGAGCCCAGTCCGTG
TCCGCAGCGCTGTGTCAACACACAGGGTGGCTTCGAGTGCCACTGCTACCCT
AACTACGACCTGGTGGACGGCGAGTGTGTGGAGCCCGTGGACCCGTGCTTC
AGAGCCAACTGCGAGTACCAGTGCCAGCCCCTGAACCAAACTAGCTACCTCT
GCGTCTGCGCCGAGGGCTTCGCGCCCATTCCCCACGAGCCGCACAGGTGCC
AGATGTTTTGCAACCAGACTGCCTGTCCAGCCGACTGCGACCCCAACACCCA
GGCTAGCTGTGAGTGCCCTGAAGGCTACATCCTGGACGACGGTTTCATCTGC
ACGGACATCGACGAGTGCGAAAACGGCGGCTTCTGCTCCGGGGTGTGCCAC
AACCTCCCCGGTACCTTCGAGTGCATCTGCGGGCCCGACTCGGCCCTTGCC
CGCCACATTGGCACCGACTGTGACTCCGGCAAGGTGGACGGTGGCGACAGC
GGCTCTGGCGAGCCCCCGCCCAGCCCGACGCCCGGCTCCACCTTGACTCCT
CCGGCCGTGGGGCTCGTGCATTCGGGCTTGCTCATAGGCATCTCCATCGCG
AGCCTGTGCCTGGTGGTGGCGCTTTTGGCGCTCCTCTGCCACCTGCGCAAGA
AGCAGGGCGCCGCCAGGGCCAAGATGGAGTACAAGTGCGCGGCCCCTTCCA
AGGAGGTAGTGCTGCAGCACGTGCGGACCGAGCGGACGCCGCAGAGACTCT
GACGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTG
CCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGA
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GGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGG
GTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCT
GGGGATGCGGTGGGCTCTATGGTTCGAATTAATTAAAGGTTAGAAGGTTAGA
CGTGCAGACACTCCAGGCTCCATCCCACCACCCGCAGGAGAATGTGCATTTT
AACGAGGTTAGAAGCTGGGGTGGGTGGGGTGGGTGTGTCTGCTTAGGACAG
TTTGAGGAGAGTGGTTCCAGGCAGCTTCCAACTTTCTGGAACAGATTAACCAT
GGATCAGTAAGAAGTAGCAGCCAAGACAGGCCTTATCTTGTCAACAAACTGA
GGAATTTTCATCGAATAAGTTTGCTTTCTGATAGAAAAGCCGAGGTACACACC
TTTAGACCGTTGCCACACAGGGTATTTTGTTCAAGTTTAATTAATGCGCAGCG
ATCGCGGCCGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCG
GTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTC
GGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACG
GTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGC
CAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATA
GGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTG
GCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCC
CTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCT
TTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTC
AGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCG
TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCC
GGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGC
AGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACT
ACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTT
ACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTG
GTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGA
TCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGA
AAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTA
GATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAA
ACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGAT
CTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTA
CGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGA
CCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGG
GCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAA
TTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACG
TTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCT
TCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTT
GTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGT
TGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACT
GTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTC
ATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATA
CGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAA
ACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTT
CGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACC
AGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAA
TAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATT
GAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTT
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AGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCT
GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATC
ACGAGGCCCTTTCGTC 
 
 
Puromycin-hTHBD insert: 
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGA
GACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCA
GGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGC
ATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCAC
AGATGCGTAAGGAGAAAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGC
GCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCT
GGCGGCCTGCGCAACACGCGATCGCGGCGCGCCTAATGATAGAGCCACCAT
GGACCTGGCAGCTCCCTGCGCCTCTCAGCCCCGGCCGGGCCCCTGCGCTTG
GCGTGCTGACACCGGCGCGCCCTTAAGAGAAGCGGTTTTCGGGAGTAGTGC
CCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGGGGGCGTAGGGTCGCCGA
CATGACACCTTAAGGATATCATGGCTACCGAGTACAAGCCCACGGTGCGCCT
CGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTT
CGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGA
GCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACAT
CGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCA
CGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGC
ATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGC
CTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTC
GGCGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTC
CCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGAC
CTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACC
GCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAG
CCCGGTGCCGGTTGAACCTGAGCTAGCTGGCCAGACATGATAAGATACATTG
ATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTG
AAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGT
TAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGG
AGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGGTCGACGATAT
CGTTTAAACACGCGTTCTAGATCACGGTCTCGAAGCCGCGGTGCGGGTGCCA
GGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACCCATCTGGTC
CATCTAGATTCGAAATGCTTGGGGTCCTGGTCCTTGGCGCGCTGGCCCTGGC
CGGCCTGGGGTTCCCCGCACCCGCAGAGCCGCAGCCGGGTGGCAGCCAGT
GCGTCGAGCACGACTGCTTCGCGCTCTACCCGGGCCCCGCGACCTTCCTCA
ATGCCAGTCAGATCTGCGACGGACTGCGGGGCCACCTAATGACAGTGCGCT
CCTCGGTGGCTGCCGATGTCATTTCCTTGCTACTGAACGGCGACGGCGGCGT
TGGCCGCCGGCGCCTCTGGATCGGCCTGCAGCTGCCACCCGGCTGCGGCG
ACCCCAAGCGCCTCGGGCCCCTGCGCGGCTTCCAGTGGGTTACGGGAGACA
ACAACACCAGCTATAGCAGGTGGGCACGGCTCGACCTCAATGGGGCTCCCCT
CTGCGGCCCGTTGTGCGTCGCTGTCTCCGCTGCTGAGGCCACTGTGCCCAG
CGAGCCGATCTGGGAGGAGCAGCAGTGCGAAGTGAAGGCCGATGGCTTCCT
CTGCGAGTTCCACTTCCCAGCCACCTGCAGGCCACTGGCTGTGGAGCCCGG
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CGCCGCGGCTGCCGCCGTCTCGATCACCTACGGCACCCCGTTCGCGGCCCG
CGGAGCGGACTTCCAGGCGCTGCCGGTGGGCAGCTCCGCCGCGGTGGCTC
CCCTCGGCTTACAGCTAATGTGCACCGCGCCGCCCGGAGCGGTCCAGGGGC
ACTGGGCCAGGGAGGCGCCGGGCGCTTGGGACTGCAGCGTGGAGAACGGC
GGCTGCGAGCACGCGTGCAATGCGATCCCTGGGGCTCCCCGCTGCCAGTGC
CCAGCCGGCGCCGCCCTGCAGGCAGACGGGCGCTCCTGCACCGCATCCGC
GACGCAGTCCTGCAACGACCTCTGCGAGCACTTCTGCGTTCCCAACCCCGAC
CAGCCGGGCTCCTACTCGTGCATGTGCGAGACCGGCTACCGGCTGGCGGCC
GACCAACACCGGTGCGAGGACGTGGATGACTGCATACTGGAGCCCAGTCCG
TGTCCGCAGCGCTGTGTCAACACACAGGGTGGCTTCGAGTGCCACTGCTACC
CTAACTACGACCTGGTGGACGGCGAGTGTGTGGAGCCCGTGGACCCGTGCT
TCAGAGCCAACTGCGAGTACCAGTGCCAGCCCCTGAACCAAACTAGCTACCT
CTGCGTCTGCGCCGAGGGCTTCGCGCCCATTCCCCACGAGCCGCACAGGTG
CCAGATGTTTTGCAACCAGACTGCCTGTCCAGCCGACTGCGACCCCAACACC
CAGGCTAGCTGTGAGTGCCCTGAAGGCTACATCCTGGACGACGGTTTCATCT
GCACGGACATCGACGAGTGCGAAAACGGCGGCTTCTGCTCCGGGGTGTGCC
ACAACCTCCCCGGTACCTTCGAGTGCATCTGCGGGCCCGACTCGGCCCTTGC
CCGCCACATTGGCACCGACTGTGACTCCGGCAAGGTGGACGGTGGCGACAG
CGGCTCTGGCGAGCCCCCGCCCAGCCCGACGCCCGGCTCCACCTTGACTCC
TCCGGCCGTGGGGCTCGTGCATTCGGGCTTGCTCATAGGCATCTCCATCGCG
AGCCTGTGCCTGGTGGTGGCGCTTTTGGCGCTCCTCTGCCACCTGCGCAAGA
AGCAGGGCGCCGCCAGGGCCAAGATGGAGTACAAGTGCGCGGCCCCTTCCA
AGGAGGTAGTGCTGCAGCACGTGCGGACCGAGCGGACGCCGCAGAGACTCT
GACGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTG
CCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGA
GGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGG
GTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCT
GGGGATGCGGTGGGCTCTATGGTTCGAATTAATTAAAGGTTAGAAGGTTAGA
CGTGCAGACACTCCAGGCTCCATCCCACCACCCGCAGGAGAATGTGCATTTT
AACGAGGTTAGAAGCTGGGGTGGGTGGGGTGGGTGTGTCTGCTTAGGACAG
TTTGAGGAGAGTGGTTCCAGGCAGCTTCCAACTTTCTGGAACAGATTAACCAT
GGATCAGTAAGAAGTAGCAGCCAAGACAGGCCTTATCTTGTCAACAAACTGA
GGAATTTTCATCGAATAAGTTTGCTTTCTGATAGAAAAGCCGAGGTACACACC
TTTAGACCGTTGCCACACAGGGTATTTTGTTCAAGTTTAATTAATGCGCAGCG
ATCGCGGCCGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCG
GTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTC
GGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACG
GTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGC
CAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATA
GGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTG
GCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCC
CTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCT
TTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTC
AGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCG
TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCC
GGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGC
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AGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACT
ACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTT
ACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTG
GTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGA
TCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGA
AAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTA
GATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAA
ACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGAT
CTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTA
CGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGA
CCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGG
GCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAA
TTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACG
TTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCT
TCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTT
GTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGT
TGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACT
GTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTC
ATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATA
CGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAA
ACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTT
CGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACC
AGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAA
TAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATT
GAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTT
AGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCT
GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATC
ACGAGGCCCTTTCGTC 
 
 
pCMV-PhiC31o-NLS 
CGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTT
TTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATG
CTTCAATAATATTGAAAAAGGAAGAGTCCTGAGGCGGAAAGAACCAGCTGTG
GAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGA
AGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCC
AGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCA
ACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTT
CCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCC
GAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTG
GAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGTTTC
GCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGA
GAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCC
GCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACC
GACCTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCG
TGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACT
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GAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTC
CTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAAT
GCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGC
GAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGAT
CAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTC
GCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCGTGACCCAT
GGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGAT
TCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGT
TGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTT
CCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTAT
CGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGGTTCGAAATGACCGA
CCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTC
TATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCC
TCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCTAGGGGGAGGC
TAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTATGACGGC
AATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAACGCG
GGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATT
GGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTC
GGGTGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAGGCCCTGCCA
TAGCCTCAGGTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATT
TAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTA
ACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGAT
CTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAAC
CACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTT
CCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGT
GTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATAC
CTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGT
GTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTA
CACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCC
GAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGA
GAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTG
TCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGG
GGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTG
GCCTTTTGCTGGCCTTTTGCTCATAGTTATTAATAGTAATCAATTACGGGGTCA
TTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGG
CCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACG
TATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGA
GTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAA
GTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGC
CCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAG
TCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGA
TAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATG
GGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAAC
TCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTAT
ATAAGCAGAGCTGGTTTAGTGAACCGTCAGATCATGGATACCTACGCCGGAG
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CCTACGACAGACAGAGCCGGGAGAGAGAGAACAGCAGCGCCGCCAGCCCC
GCCACCCAGAGAAGCGCCAACGAGGATAAGGCCGCCGATCTGCAGAGAGAG
GTGGAGAGGGACGGCGGCAGATTCAGATTTGTGGGCCACTTCAGCGAGGCC
CCTGGCACCAGCGCCTTCGGCACCGCCGAGAGACCCGAGTTCGAGAGAATC
CTGAACGAGTGTAGGGCCGGCAGGCTGAACATGATCATCGTGTACGACGTGT
CCCGGTTCAGCAGGCTGAAGGTGATGGACGCCATCCCTATCGTGTCCGAGCT
GCTGGCCCTGGGCGTGACCATCGTGTCCACCCAGGAAGGCGTCTTTAGACA
GGGCAACGTGATGGACCTGATCCACCTGATCATGAGGCTGGACGCCAGCCA
CAAGGAGAGCAGCCTGAAGAGCGCCAAGATCCTGGACACCAAGAACCTGCA
GAGGGAGCTGGGCGGCTATGTGGGCGGCAAGGCCCCCTACGGCTTCGAGCT
GGTGTCCGAGACCAAGGAGATCACCCGGAACGGCAGGATGGTGAACGTGGT
GATCAACAAGCTGGCCCACAGCACCACCCCCCTGACCGGCCCCTTCGAGTTT
GAGCCCGACGTGATCAGGTGGTGGTGGCGGGAGATCAAGACCCACAAGCAC
CTGCCTTTCAAGCCCGGCAGCCAGGCCGCCATCCACCCCGGCAGCATCACC
GGCCTGTGTAAGAGAATGGACGCCGACGCCGTGCCCACCAGAGGCGAGACC
ATCGGCAAGAAAACCGCCAGCAGCGCCTGGGACCCCGCCACCGTGATGAGA
ATCCTGAGGGACCCTAGGATCGCCGGCTTCGCCGCCGAGGTGATCTACAAG
AAGAAGCCCGACGGCACCCCCACCACCAAGATCGAGGGCTACAGAATCCAG
AGAGACCCCATCACCCTGAGACCTGTGGAGCTGGACTGTGGCCCTATCATCG
AGCCTGCCGAGTGGTACGAGCTGCAGGCCTGGCTGGACGGCAGAGGCAGA
GGCAAGGGCCTGAGCAGAGGCCAGGCCATCCTGAGCGCCATGGACAAGCTG
TACTGTGAGTGTGGCGCCGTGATGACCAGCAAGAGAGGCGAGGAGAGCATC
AAGGACAGCTACCGGTGCCGGAGAAGAAAGGTGGTGGACCCCAGCGCCCCT
GGCCAGCACGAGGGCACCTGTAATGTGAGCATGGCCGCCCTGGACAAGTTC
GTGGCCGAGCGGATCTTCAACAAGATCCGGCACGCCGAGGGCGACGAGGAG
ACCCTGGCCCTGCTGTGGGAGGCCGCCAGAAGATTCGGCAAGCTGACCGAG
GCCCCCGAGAAGAGCGGCGAGAGGGCCAACCTGGTGGCCGAGAGAGCCGA
CGCCCTGAACGCCCTGGAGGAGCTGTACGAGGACAGAGCCGCCGGAGCCTA
TGACGGCCCTGTGGGCAGGAAGCACTTCAGAAAGCAGCAGGCCGCCCTGAC
CCTGAGACAGCAGGGCGCCGAGGAAAGACTGGCCGAGCTGGAGGCCGCCG
AGGCCCCTAAGCTGCCCCTGGATCAGTGGTTCCCCGAGGATGCCGACGCCG
ACCCCACCGGCCCCAAGTCCTGGTGGGGCAGAGCCAGCGTGGACGACAAGA
GGGTGTTCGTGGGCCTGTTCGTGGATAAGATCGTGGTGACCAAGAGCACCAC
CGGCAGGGGCCAGGGCACCCCCATCGAGAAGAGAGCCAGCATCACCTGGG
CCAAGCCTCCCACCGACGACGACGAGGATGACGCCCAGGACGGCACCGAGG
ACGTGGCCGCCCCTAAGAAAAAGCGGAAAGTGTGAGTCAGAGCTCGCTGATC
AGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCC
GTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAA
TGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTG
GGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCAT
GCTGGGGATGCGGTGGGCTCTATGGCGGGGCAGTGCATGTAATCCCTTCAG
TTGGTTGGTACAACTTGCCAACTGGGCCCTGTTCCACATGTGACACGGGGGG
GGACCAAACACAAAGGGGTTCTCTGACTGTAGTTGACATCCTTATAAATGGAT
GTGCACATTTGCCAACACTGAGTGGCTTTCATCCTGGAGCAGACTTTGCAGTC
TGTGGACTGCAACACAACATTGCCTTTATGTGTAACTCTTGGCTGAAGCTCTT
ACACCAATGCTGGGGGACATGTACCTCCCAGGGGCCCAGGAAGACTACGGG
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AGGCTACACCAACGTCAATCAGAGGGGCCTGTGTAGCTACCGATAAGCGGAC
CCTCAAGAGGGCATTAGCAATAGTGTTTATAAGGCCCCCTTGTTAACCCTAAA
CGGGTAGCATATGCTTCCCGGGTAGTAGTATATACTATCCAGACTAACCCTAA
TTCAATAGCATATGTTACCCAACGGGAAGCATATGCTATCGAATTAGGGTTAG
TAAAAGGGTCCTAAGGAACAGCGATATCTCCCACCCCATGAGCTGTCACGGT
TTTATTTACATGGGGTCAGGATTCCACGAGGGTAGTGAACCATTTTAGTCACA
AGGGCAGTGGCTGAAGATCAAGGAGCGGGCAGTGAACTCTCCTGAATCTTCG
CCTGCTTCTTCATTCTCCTTCGTTTAGCTAATAGAATAACTGCTGAGTTGTGAA
CAGTAAGGTGTATGTGAGGTGCTCGAAAACAAGGTTTCAGGTGACGCCCCCA
GAATAAAATTTGGACGGGGGGTTCAGTGGTGGCATTGTGCTATGACACCAAT
ATAACCCTCACAAACCCCTTGGGCAATAAATACTAGTGTAGGAATGAAACATT
CTGAATATCTTTAACAATAGAAATCCATGGGGTGGGGACAAGCCGTAAAGACT
GGATGTCCATCTCACACGAATTTATGGCTATGGGCAACACATAATCCTAGTGC
AATATGATACTGGGGTTATTAAGATGTGTCCCAGGCAGGGACCAAGACAGGT
GAACCATGTTGTTACACTCTATTTGTAACAAGGGGAAAGAGAGTGGACGCCG
ACAGCAGCGGACTCCACTGGTTGTCTCTAACACCCCCGAAAATTAAACGGGG
CTCCACGCCAATGGGGCCCATAAACAAAGACAAGTGGCCACTCTTTTTTTTGA
AATTGTGGAGTGGGGGCACGCGTCAGCCCCCACACGCCGCCCTGCGGTTTT
GGACTGTAAAATAAGGGTGTAATAACTTGGCTGATTGTAACCCCGCTAACCAC
TGCGGTCAAACCACTTGCCCACAAAACCACTAATGGCACCCCGGGGAATACC
TGCATAAGTAGGTGGGCGGGCCAAGATAGGGGCGCGATTGCTGCGATCTGG
AGGACAAATTACACACACTTGCGCCTGAGCGCCAAGCACAGGGTTGTTGGTC
CTCATATTCACGAGGTCGCTGAGAGCACGGTGGGCTAATGTTGCCATGGGTA
GCATATACTACCCAAATATCTGGATAGCATATGCTATCCTAATCTATATCTGGG
TAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATA
TCTGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATAGGCTATCCTAA
TCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTA
TCCTAATCTGTATCCGGGTAGCATATGCTATCCTAATAGAGATTAGGGTAGTA
TATGCTATCCTAATTTATATCTGGGTAGCATATACTACCCAAATATCTGGATAG
CATATGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCT
GGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATC
TATATCTGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATAGGCTATC
CTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATAT
GCTATCTAATCTGTATCCGGGTAGCATATGCTATCCTCATGCATATACAGTCA
GCATATGATACCCAGTAGTAGAGTGGGAGTGCTATCCTTTGCATATGCCGCCA
CCTCCCAAGGGGGCGTGAATTTTCGCTGCTTGTCCTTTTCCTGC 
 
 
 
 
Puro-hB2M insert 
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGA
GACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCA
GGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGC
ATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCAC
AGATGCGTAAGGAGAAAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGC
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GCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCT
GGCGGCCTGCGCAACACGCGATCGCGGCGCGCCTAATGATAGAGCCACCAT
GGACGCTATAAATGCGGGCAGGGAGCCGAGCTCTCATTCCACCGCCAGCAC
CGCTCCAGTAGCGGGCGCGCCCTTAAGAGAAGCGGTTTTCGGGAGTAGTGC
CCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGGGGGCGTAGGGTCGCCGA
CATGACACCTTAAGGATATCATGGCTACCGAGTACAAGCCCACGGTGCGCCT
CGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTT
CGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGA
GCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACAT
CGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCA
CGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGC
ATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGC
CTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTC
GGCGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTC
CCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGAC
CTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACC
GCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAG
CCCGGTGCCGGTTGAACCTGAGCTAGCTGGCCAGACATGATAAGATACATTG
ATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTG
AAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGT
TAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGG
AGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGGTCGACGATAT
CGTTTAAACACGCGTTCTAGATCACGGTCTCGAAGCCGCGGTGCGGGTGCCA
GGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACCCATCTGGTC
CATCTAGATTCGAAATGTCTCGCTCCGTGGCCTTAGCTGTGCTCGCGCTACTC
TCTCTTTCTGGCCTGGAGGCTATCCAGCGTACTCCAAAGATTCAGGTTTACTC
ACGTCATCCAGCAGAGAATGGAAAGTCAAATTTCCTGAATTGCTATGTGTCTG
GGTTTCATCCATCCGACATTGAAGTTGACTTACTGAAGAATGGAGAGAGAATT
GAAAAAGTGGAGCATTCAGACTTGTCTTTCAGCAAGGACTGGTCTTTCTATCT
CTTGTACTACACTGAATTCACCCCCACTGAAAAAGATGAGTATGCCTGCCGTG
TGAACCATGTGACTTTGTCACAGCCCAAGATAGTTAAGTGGGATCGAGACATG
TAACGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTG
CCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGA
GGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGG
GTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCT
GGGGATGCGGTGGGCTCTATGGTTCGAATTAATTAAAGTCCAGTACAGGAGA
GAAATGGAAACAGACTGTTATAACTCAGTATAAAGATACTGCAGCCGATGTTT
CCTGCAAGTAGCTCTAACTGCATGAAGCACGGAGGCATTCATTGGACACGTC
TTTTGTGTCTTCGTTTGGAGTTTACAGGGGGATAATCCAGCTTTTCTGGGAAA
TTCTACTCCACAGGGAACCTTGGCACTGAAAACCTGCTCAGATTTCCTGTTAC
ATCCTGGGCCTGGCCGATCAATGTGAGGAACATCAGAGAGTTTGGGTGCCCT
TCCCAGAGAGACACAGTTTCTTTAATTAATGCGCAGCGATCGCGGCCGCCAG
CTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGG
CGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGC
GGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATC
AGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAG
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GAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCT
GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAG
GACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCC
TGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGA
AGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGG
TCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACC
GCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGA
CTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTAT
GTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTA
GAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAA
AGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTT
TTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGAT
CCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTA
AGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAA
TTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGAC
AGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCG
TTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGG
GCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACC
GGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAG
AAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGG
AAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATT
GCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCT
CCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAA
GCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAG
TGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCAT
CCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAA
TAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATA
CCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCG
GGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACC
CACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTG
GGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGA
CACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTA
TCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAA
ACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAA
GAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCC
CTTTCGTC 
 
 
 



	

	

 
 
 

 

 

 

 

 

9. ATTACHMENTS 

 



	

	

114	

 



	

	

115	

 



	

	

116	

 

 



	

	

117	

 



	

	

118	

 



	

	

119	

 



	

	

120	

 



	

	

121	

 



	

	

122	

 



	

	

123	

 



	

	

124	

 



	

	

125	

 



	

	

126	

 



	

	

127	

 



	

	

128	

 



	

	

129	

 



	

	

130	

 



	

	

131	

 



	

	

132	

 



	

	

133	

 



	

	

134	

 



	

	

135	

 



	

	

136	

 



	

	

137	

 



	

	

138	

 



	

	

139	

 



	

	

140	

 



	

	

141	

 



	

	

142	

 



	

	

143	

 



	

	

144	

 



	

	

145	

 



	

	

146	

 



	

	

147	

 



	

	

148	

 



	

	

149	

 



	

	

150	

 



	

	

151	

 




