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Factor VIII is a clotting factor found on the intrinsic side of the coagulation cascade. A 

mutation in the factor VIII gene causes the disease Hemophilia A, for which there is no cure. 

The most common treatment is administration of recombinant factor VIII. However, this can 

cause an immune response that renders the treatment ineffective in certain hemophilia 

patients. For this reason a new treatment, or cure, needs to be developed. Gene editing is one 

solution to correcting the factor VIII mutation. CRISPR/Cas9 mediated gene editing introduces a 

double stranded break in the genomic DNA. Where this break occurs repair mechanisms cause 

insertions and deletions, or if a template oligonucleotide can be provided point mutations could 

be introduced or corrected. However, to accomplish this goal for editing factor VIII mutations, a 

way to deliver the components of CRISPR/Cas9 into somatic cells is needed. In this study, I 

confirmed that the CRISPR/Cas9 system was able to create a mutation in the factor VIII gene in 

zebrafish. I also showed that the components of CRISPR/Cas9 could be piggybacked by vivo 

morpholino into a variety of blood cells. This study also confirmed that the vivo morpholino did 

not interfere with the gRNA binding to the DNA, or Cas9 protein inducing the double stranded 

break. 
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CHAPTER 1 

INTRODUCTION 

1.1 Gene Therapy and Editing 

Gene therapy was an idea first introduced in 1972 by Friedmann and Roblin in a paper 

entitled “Gene Therapy for Human Genetic Disease?” [1]. Potential targets for gene therapy 

include the disease Glanzmann’s thrombasthenia. It is a disease caused by a point mutation in 

the GPIIB gene in thrombocytes [2]. Sickle-cell anemia is another disease caused by a single 

point mutation with no cure [3]. One of the biggest challenges of gene therapy is how to deliver 

nucleic acids into cells. One way is with adenoviruses; however, adenoviruses have limits to the 

packaging size. Factor VIII, for example, is far too large to package in an adenovirus [4]. Cas9 is 

about 4.2kb, which is at the limits of what an adenovirus can carry [5]. Another problem with 

adenoviruses is that they can cause toxicity. Packaging CRISPR/Cas9 components in liposomes 

have shown some promise [6]. When injected in the target tissue there was a high rate of 

mutagenesis, but that is not practical in all cases [5]. The biggest concern when attempting to 

deliver CRISPR/Cas9 to somatic cells is the size. Successful CRISPR/Cas9 somatic cell genome 

editing has been performed in tissue culture in Drosophila ovary cells [7]. 

 

1.2 Factor VIII and Hemostasis 

Factor VIII is a coagulation factor that is produced by liver sinusoidal cells and 

endothelial cells [8]. Factor VIII is involved in the intrinsic coagulation cascade (Figure 1). When 

inactive, factor VIII is bound to von Willebrand factor. It is cleaved into its active form, factor 
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VIIIa, by thrombin [9]. Once active, factor VIIIa interacts with factor IXa to continue the clotting 

cascade and activate factor X, and eventually leads to a fibrin clot forming. 

 

 

A deficiency of factor VIII leads to the disease hemophilia A in humans. Symptoms of 

hemophilia A include external bleeding such as nose bleeds, heavy bleeding from a minor 

injury, or bleeding reoccurring after the initial bleeding has stopped. Internal bleeding 

symptoms include bruises, blood in the stool or urine, and bleeding into soft tissues and joints. 

In humans, hemophilia A has varying severities depending on the type and location of the 

 

Figure 1. The coagulation cascade. Factor VIII (red) is bound to Von Willebrand factor in 
circulation. It is cleaved into its active form by thrombin. It interacts with factor IXa to 
activate factor X. This will eventually lead to a fibrin clot forming.   
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mutation [10]. There is currently no cure for hemophilia. Treatments include administering 

recombinant factor VIII. In some cases, it could lead to an immune response that makes the 

treatment ineffective [11,12]. Human factor VIII gene has 26 exons and is located on the X 

chromosome [13]. The protein has three domains, (A, B, and C). Domain B can be almost 

completely absent and the protein will still function [14,15]. 

 

1.3 CRISPR/Cas9 

 CRISPR/Cas9 is a genome editing technology. It uses two components to bind to DNA, 

and introduce a double stranded break [16]. Once there is a break in the DNA, one of two repair 

mechanisms occur [17]. Non-homologous end joining will result in insertion or deletions 

occurring at the location of the break. Homology directed repair allows for a template 

oligonucleotide to be provided and inserted where the double stranded break occurs. 

  

1.4 Morpholino 

 Morpholinos are modified oligonucleotides where the sugar moiety has been replaced 

by a six membered morpholino ring. They have long been used in injecting zebrafish embryos to 

knockdown a gene of interest [18]. Vivo morpholinos consist of a morpholino oligonucleotide 

with an octa-guanadine dendrimer that allows them to enter cells (Figure 2). Thus, they have 

been used to knockdown genes in adult zebrafish. These vivo morpholinos are custom 

synthesized for the specific gene and are expensive. Recently, a random control vivo 

morpholino that does not target any gene was used in a hybrid between itself and a gene-

specific standard antisense deoxyoligonucleotide [18]. The control vivo morpholino 
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oligonucleotide has a sequence of 5’-CCTCTTACCTCAGTTACAATTTATA-3’. Since the vivo 

morpholino can enter cells, it can piggyback the gene-specific oligonucleotide. The 

oligonucleotide can then complement the gene-specific mRNA and degrade the mRNA by an 

unknown mechanism. This method is inexpensive and cost effective [18]. Due to injection 

variations, the effects of these knockdowns have been shown to work 50%, and the knockdown 

phenotype has been observed; however, the actual entry of oligonucleotide into the cell has 

never been shown.  

 

  

 

Figure 2. Structure of vivo morpholino. The structure of vivo morpholino includes a 25-
mer oligonucleotide (green) attached to an octa-guanidine dendrimer (black). (Photo 
adapted from Gene Tools) 
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CHAPTER 2 

PROJECT DESCRIPTION 

 Gene therapy and editing has been attempted on a variety of model organisms. There 

are a large number of genetic disorders that have either insufficient long-term treatments or no 

cure. Curing at the level of germline is currently considered both unethical and impractical. 

Thus, somatic gene therapy is a sought after method. Attempts to deliver genes by adenoviral 

vectors are still fraught with problems [5]. Recently, CRISPR/Cas9 is gaining momentum as a 

powerful tool for gene editing. However, the delivery of CRISPR/Cas9 for gene editing with 

adenoviral vectors is difficult [19]. Furthermore, currently it is used on embryos of experimental 

organisms, which is not possible in humans. Another way to deliver the CRISPR/Cas9 reagents 

into somatic cells is by liposomes and polyethylenimine (PEI) based approaches. However, 

these are either toxic or inefficient [5]. Thus, a way to deliver the CRISPR/Cas9 reagents into 

somatic cells to perform gene editing is greatly needed. This led us to think of a way to deliver 

the CRISPR/Cas9 system to somatic cells. The following section describes the principle used in 

gene editing. 

 CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-

associated proteins) type II is a genome editing technology that originates in bacteria and 

archaea as an immune response [16,20]. The type II system we used originated in streptococcus 

pyogenes. The gRNA consists of 2 small RNAs. CRISPR RNA (crRNA) provides target specificity 

and transacting RNA (tracrRNA) provides scaffolding for the Cas9 protein [20]. The gRNA guides 

the Cas9 endonuclease to cleave DNA. The CRISPR/Cas9 system has been used to target and 

modify DNA in somatic cells, germ cells, and embryos of experimental organisms. Up to five loci 
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in the same embryo can be disrupted [16]. It has been noted that there is a germ-line 

transmission to the F1 generation. The mutagenesis rate is approximately 75% [16]. The Cas9 

endonuclease is responsible for the double stranded break. It is made up of 2 domains: RuvC 

and HNH [21]. In this method only the gRNA component needs to be customized, Cas9 does not 

need to be customized. The gRNA contains the target sequence. A protospacer-adjacent motif 

(PAM) sequence is required next to the target sequence for Cas9 to introduce the double 

stranded break [16]. When both Cas9 and gRNA are introduced into cells, Cas9 will be 

translated in vivo, gRNA will bind to the target DNA, and Cas9 will bind to the gRNA scaffold. 

Cas9 will then induce a double stranded break (Figure 3). The DNA repair occurs mainly by the 

non-homologous end joining mechanism. Its inability to accurately repair the break results in 

local insertions and deletions. DNA repair can also occur through homology directed repair. This 

would allow a template oligonucleotide to be provided and incorporated into the genomic DNA. 

 

Figure 3. CRISPR/Cas9 complex. The gRNA target sequence (green) binds to the 
corresponding genomic target (purple), immediately upstream of the PAM sequence 
(red). The gRNA (blue) provides a scaffold for Cas9 (brown) to bind. The orange 
arrowheads indicate the approximate double stranded break location. 
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 We used factor VIII as the gene target because there is a need for a cure, or better 

treatment, for Hemophilia A. Factor VIII was also used because our laboratory focuses on 

zebrafish as a model to study hemostasis and is already setup for assays relating to hemostasis. 

Our laboratory has developed the knockdown method using oligonucleotides piggybacked by 

vivo morpholinos as described above [18]. By using the piggyback principle used in the above 

method, we developed the delivery of CRISPR/Cas9 RNAs. This delivery has the potential for 

gene editing. 

In zebrafish, the factor VIII gene is found on chromosome 14 and consists of 34 exons. It 

has been previously shown that the coagulation pathway in zebrafish is very similar to that of 

humans [22]. Zebrafish are a good model to provide proof of principle of gene editing because 

they are small, easy to care for, and have a high fecundity. 

 Genome editing of somatic cells has a wide range of potential uses. With repeated 

injections of piggybacked gRNA/Cas9, diseases could be corrected in adult stem cells, although 

the chances of the stem cells being targeted depends on random probability. It could also be a 

way to deliver mRNA to cells lacking a particular protein. With this in mind, we hypothesized 

that gRNA and Cas9 RNA could be piggybacked into somatic cells using vivo morpholino as a 

vehicle to induce a mutation in the factor VIII gene in zebrafish 

. 
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CHAPTER 3 

SPECIFIC AIMS 

 Our goal for this thesis was to use the CRISPR/Cas9 system to induce mutations in the 

factor VIII gene as well as deliver gRNA and Cas9 RNA to somatic cells in zebrafish. 

 

3.1 Aim 1 

Our first aim was to establish the proof of principle that the CRISPR/Cas9 system works 

by demonstrating a mutation could be induced in the factor VIII gene in zebrafish. To 

accomplish this, we injected 1-cell stage zebrafish embryos with customized gRNA and Cas9 

RNA, obtained larvae, and isolated DNA from these larvae, followed by PCR amplification and 

sequencing. 

 

3.2 Aim 2 

Our second aim was to test whether the Cas9 RNA and gRNA for factor VIII could be 

delivered into blood cells by using vivo morpholinos as a vehicle to edit the genome in somatic 

cells. To accomplish this aim, we injected adult zebrafish with either digoxigenin (DIG) labeled 

gRNA or DIG labeled Cas9 RNA that are hybridized to a vivo morpholino. We collected the 

blood, and probed the blood cells with anti-DIG antibodies. The gRNA morpholino complex with 

Cas9 protein was also tested in vitro for its activity to cleave a factor VIII DNA segment. 
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CHAPTER 4 

MATERIALS AND METHODS 

4.1 Zebrafish Husbandry 

 Adult wild-type zebrafish were housed in a circulating system of deionized water that 

was supplemented with Instant Ocean. The water was maintained at 28°C and there was a 12-

hour light/dark cycle. They were fed brine shrimp and fish flakes. For breeding, one male and 

one female were put in a breeding tank and separated by a divider. The next morning the 

divider was removed when the lights came on. The embryos were collected immediately after 

they were laid. They were raised in E3 medium (0.33 mM MgSO4, 0.17 mM KCl, 5 mM NaCl, 

0.33 mM CaCl2.2H2O, and 0.1% methylene blue), and were fed live paramecium from 4 dpf to 

15 dpf. Brine shrimp was added to their diet at 10 dpf. 

 

4.2 CRISPR/Cas9 

CRISPR/Cas9 method was used to knockout factor VIII. A genomic target sequence was 

designed specific to the factor VIII gene using the software Feng Zhang lab's Target Finder 

(http://crispr.mit.edu) [23]. The genomic target was a 23 nucleotide coding strand, derived 

from exon 5 of zebrafish factor VIII gene, and consisted of “GG” at the 5’ end and the 

protospacer adjacent motif (PAM) sequence at the 3’ end. The PAM sequence, which consists 

of “NGG”, must be present in the genomic DNA next to the target in order to introduce a 

double stranded break. The genomic target was modified to fit in a predesigned vector. “TA” 

was added to the 5’ end and the PAM sequence was removed from the coding strand of the 

genomic target. A complementary sequence antisense to the coding strand was designed by 

http://crispr.mit.edu/
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removing the “GG” at the 5’ end, adding “AAAC” to the 5’ end, and removing the PAM 

sequence. Both the coding strand and the complementary strand were 22 nucleotides long. The 

added nucleotides are necessary in order for ligation to occur in the correct location and 

orientation. Both oligonucleotides were ordered from Invitrogen (Grand Island, NY) in 25N 

concentration, DSL purification. The strands were annealed by heating them at 95°C and 

cooling to 4°C such that the overhangs corresponded BsmBI cleavage sites. 

The PT7-gRNA vector (Addgene; Cambridge, MA; 46759) was linearized using BsmBI 

(New England Biolabs; Ipswich, MA; R0580). The vector included ampicillin resistance, as well as 

several restriction enzyme sites. The double stranded target sequence was ligated to the 

linearized vector with T4 ligase (New England Biolabs; Ipswich, MA; M0202). The ligated vector 

DNA (customized gRNA vector) was used to transform DH5α chemically competent cells 

(Thermo Fisher Scientific, Walthman, MA; 18265017). The plasmid DNAs were purified using 

the Qiaprep Spin Miniprep Kit (Qiagen; Valencia, CA; 27104). The transformed plasmids were 

sent for sequencing (Genewiz; South Plainfield, NJ) using M13 Forward (-21) primer. The 

sequence was used to insure the target was inserted correctly and in the right orientation. The 

customized gRNA vector was linearized using BamHI-HF (New England Biolabs; Ipswich, MA; 

R3136) and in vitro transcription was performed using MEGAshortscript T7 Transcription Kit 

(Ambion; Waltham, MA; AM1354). The pCS2-nCas9n vector (Addgene; Cambridge, MA; 47929) 

was linearized using NotI (New England Biolabs; Ipswich, MA; R3189) and transcribed in vitro 

with mMessage mMachine SP6 Transcription Kit (Ambion; Waltham, MA; AM1340). The 

mixture of gRNA and Cas9 RNA were microinjected into 1-cell stage embryos. 
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4.3 In Vitro Cas9 Digestion 

 The customized gRNA and Cas9 protein (New England Biolabs; Ipswich, MA; 0646) were 

incubated at 25°C to form a complex. Genomic DNA was amplified using F8-5-489 primers, and 

combined with the gRNA/Cas9 complex. The reaction incubated for 1 hour at 37°C for 

digestion. The solution was run on a 1.5% agarose gel for 1 hour. The gel was viewed under UV 

light and photographed. 

 

4.4 Analyzing DNA 

In order to prepare DNA, the injected embryos were allowed to hatch, 4-5 days after 

injection. The larvae were frozen and genomic DNA was isolated. To isolate genomic DNA, the 

frozen larvae were incubated with elvis buffer and proteinase K overnight at 55°C, followed by 

incubation at 96°C for 10 minutes to inactive proteinase K. PCR was performed on the genomic 

DNA using primers that flanked the expected double stranded break. Primers were designed for 

PCR products with lengths of 228 bp and 489 bp (Table 1). Two different PCR products of 

different sizes were selected because the size of the deletion caused by the double stranded 

break was unknown. The amplified products were run on a 1.5% agarose gel, viewed under UV 

light, and pictures were taken. If a band that was suspected of mutation (different from the 

control size band) was present, the band was extracted, isolated, and sent for sequencing 

(Genewiz; South Plainfield, NJ). The sequence was analyzed for a deletion. For genomic DNA 

preparations from adult fish, the tail was clipped with a pair of scissors and was used in the 

procedure as described above and used in PCR amplifications. 
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Table 1. Primers for PCR Amplification 

 Sequence (5’-3’) 

F8-5-228 Forward AGGACTCCAGCTCTTTTCAGG 

F8-5-228 Reverse CCCGCTGTATATCAGAGAGAGAA 

F8-5-489 Forward TACCCACAAACCTGACAGCA 

F8-5-489 Reverse TGGAAGATGCAAAAGCAATG 

 

4.5 Probing Blood Cells with Anti-DIG Antibodies 

 gRNA piggyback forward and reverse primers were designed to amplify the customized 

gRNA vector DNA for factor VIII. The gRNA piggyback forward primer contained the 18 

nucleotides of the T7 promoter sequence followed by 12 nucleotides of the 5’ end of the factor 

VIII target sequence. The gRNA piggyback reverse primer had at its 5’ end 15 nucleotides that 

are complementary to the 3’ end of vivo morpholino  (5’-TATAAATTGTAACTG-3’), followed  by 

the sequence complementary to the 3’ end of the gRNA sequence. Cas9 piggyback forward and 

reverse primers were designed to amplify Cas9 plasmid DNA. Cas9 piggyback forward primer 

contained 18 nucleotides of the SP6 promoter sequence followed by 12 nucleotides upstream 

of theCas9 gene sequence. Cas9 piggyback reverse primer had at its 5’ end 15 nucleotides that 

are complementary to the 3’ end of the vivo morpholino sequence as described above, 

followed  by the sequence complementary to the 3’ end of the Cas9 sequence representing the 

SV40 terminator site sequence (Table 2). Both the gRNA and Cas9 plasmids were amplified with 

the primers shown in Table 2 by PCR. 
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Table 2. Primers for PCR amplification of pT7-gRNA plasmid and 
pCS2-nCas9n plasmid. The red text indicates the sequence 
complementary to the vivo morpholino sequence. 

 Primers (5’-3’) 

gRNA piggyback forward GTAATACGACTGAGTATAGGGACATTTCTC 

gRNA piggyback reverse CAGTTACAATTTATAGATCCGCACCGACTC 

Cas9 piggyback forward ATTTAGGTGACACTATAGAATACAAGCTAC 

Cas9 piggyback reverse CAGTTACAATTTATAGTTTATTGCAGCTTA 

 

The amplified gRNA and Cas9 DNA was transcribed with T7 RNA polymerase (Thermo 

Fisher Scientific, Walthman, MA; EP0111) and SP6 polymerase (Thermo Fisher Scientific, 

Walthman, MA; EP0131) respectively. They were transcribed with digoxigenin (DIG) labeled 

UTP (Sigma Aldrich; St. Louis, MO; 11277073910). The RNA and vivo morpholino (Gene Tools; 

Philomath, OR) were incubated at 94°C for 5 minutes and cooled to 4°C to form a complex. The 

labeled RNA/morpholino complex, labeled RNA, and morpholino were separately injected into 

adult fish intravenously, and incubated for 30 minutes. Blood was then collected by clipping the 

caudal artery, collecting 2 µl of blood, and preparing a blood smear on a microscope slide. The 

slides were incubated in 4% paraformaldehyde for 15 minutes to fix the cells. The slides were 

then washed 3 times in 1x PBS. Subsequently, the slides were incubated in 0.5% saponin (Alfa 

Aesar; Tewksbury, MA; J63209) for 1.5 hours to permeabilize the cells. The slides were rinsed 3 

times in 1x PBS. A blocking buffer (10% NGS, 2% BSA, .1% saponin) was prepared and incubated 

with the slides overnight at 4°C. The slides were then incubated for 1.5 hours with anti-DIG 

antibody (Sigma Aldrich; St. Louis, MO; 11093274910) in the blocking buffer, at a ratio of 1:500. 



14 

The slides were rinsed 3 times with 1x PBS. NBT/BCIP staining solution (Sigma Aldrich; St. Louis, 

MO; 11681451001) was added to the slides until color developed (about 1.5 hours). The slides 

were viewed under a microscope at 20x magnification, and pictures were taken. 
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CHAPTER 5 

RESULTS 

5.1 Aim 1 

Our first aim was to confirm whether a mutation could be induced in the factor VIII gene 

using CRISPR/Cas9 gene knockout method. The cDNA sequence of factor VIII was obtained from 

ensembl.org. There were 3 transcripts, of which one had an incomplete 5’ annotation and 

another a shorter reading frame, so the chosen transcript was the full annotation and longest 

reading frame (ENSDART00000167365.1). Zebrafish factor VIII has 3 putative protein domains 

(A, B, and C) corresponding to human factor VIII. Domain B is highly variable and the protein 

can function with almost the full domain missing [14,15]. Therefore, domain A was chosen to 

target because it is closer to the beginning of the gene than domain C. A target was chosen as 

described in the material and methods section. The genomic target was 5’-

GGGACATTTCTCCAAACTCTGGG-3’. The edited genomic target sequence to fit into the gRNA 

plasmid was 5’-TAGGGACATTTCTCCAAACTCT-3’. The edited complement to the target was 5’-

AAACAGAGTTTGGAGAAATGTC-3’. The gRNA plasmid was prepared and transformed as 

described in the materials and methods section. The sequence of the plasmid was obtained to 

confirm correct insertion and orientation (Figure 4). The customized plasmid was linearized 

(Figure 5) to prepare for transcription. The plasmid was transcribed as described above. The 

concentration of the transcribed gRNA measured between 1200/µl and 3000/µl. 

http://www.ensembl.org/Danio_rerio/Transcript/Summary?db=core;g=ENSDARG00000101385;r=14:988827-1022472;t=ENSDART00000167365
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 The Cas9 plasmid was prepared for transcription by linearization with NotI (Figure 6). 

The plasmid was then transcribed by the SP6 promoter. The Cas9 RNA concentration varied 

between 900ng/µl and 1200ng/ µl. 

 
Figure 4. Chromatograph of transformed gRNA plasmid. The transformed plasmid was sent 
for sequencing to confirm the target was ligated correctly and in the correct orientation. 
The highlighted region is the inserted target. 

 

Figure 5. gRNA plasmid linearized with 
BamHI. The transformed and linearized 
gRNA plasmid was run on a 1% agarose gel 
to confirm complete linearization. 
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The gRNA and Cas9 protein were combined with factor VIII DNA, for in vitro Cas9 

digestion, in a reaction as described above to confirm the gRNA could bind and direct Cas9 to 

cleave the PCR amplified factor VIII DNA fragment. The in vitro Cas9 digestion resulted in 2 

bands that matched the predicted fragment sizes (Figure 7). 

 

 

Figure 7. In vitro Cas9 digestion. In vitro Cas9 digestion was 
performed to confirm that the gRNA target was correct. The 
original band of 489 bp was cut into the expected 2 bands. 
 

Figure 6. Cas9 plasmid linearized with Notl. The 
Cas9 plasmid was linearized with NotI and run 
on a 1% agarose gel to confirm complete 
linearization. 
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After confirming that the gRNA design is correct, by its ability to cleave factor VIII DNA in 

vitro in the presence of Cas9 protein, gRNA and Cas9 RNAs were injected into 1-cell stage 

zebrafish embryos. We started with a concentration of 100ng/µl of gRNA and 150 ng/µl of Cas9, 

as described in the literature [16]. Seventy-two fish were to grown to adulthood. The DNA 

prepared from tails clips from these fish were amplified with both f8-5-224 (Figure 8a) and f8-5-

489 primers (Figure 8b), and the PCR products were run on a 1.5% gel. 

 

 

 

Figure 8. PCR products of tail clips injected with lower concentrations of RNA. (A) Tail 
clips from adult fish that were amplified with f8-5-228 primers. DNA from tail clips of 
wildtype (WT) fish were used as a control. (B) Tail clips from adult fish that were 
amplified with f8-5-489 primers. DNA from tail clips of wildtype (WT) fish were used as 
a control. 
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We did not have success with the lower concentration of RNA, so we increased the 

concentrations to 500ng/µl of gRNA and 750ng/µl of Cas9. To confirm that the higher 

concentrations of RNA would result in a mutation, 44 injected embryos were grown to 

approximately 5 dpf and the DNA was analyzed with f8-5-489 primers (Figure 9A). We observed 

a band at 216 bp for sample L37, so the sample was re-amplified (Figure 9b). The same band 

appeared on the second gel, so we extracted the band and sent it for sequencing. A wild-type 

band was also extracted and sent for sequencing for comparison. The sequence of the wild-type 

band is shown in Figure 10a. The sequence of L37 revealed that there was a 275 bp deletion 

(Figure 10b). Twenty-four fish that were injected with the higher concentrations of RNA were 

grown to adulthood. The DNA was analyzed as described in the materials and methods section; 

however, no significant bands were found (Figure 11). 
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Figure 9. Larvae DNA PCR analysis from larvae 5 dpf. (A) All of the 44 larvae that 
were screened. DNA from wildtype (WT) larvae were used as a control. (B) L37 
showed an extra band at 216 bp, so it was re-amplified, and showed the same 
band as the previous gel. 
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Figure 10. Chromatograph showing the deletion in L37 larvae. (A) The wild type 
sequence surrounding the targeted region of the gene. The blue highlighted, or red 
text, is the portion of DNA that was deleted. The underlined region shows the target 
sequence. (B) The sequence from L37 where the black arrow, or slash, shows the 
juncture point. There was a 275 bp deletion.  
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5.2 Aim 2 

Our second aim was to verify if the Cas9 RNA and gRNA for factor VIII could be delivered 

into blood cells by using vivo morpholinos to edit the genome in somatic cells. Primers were 

designed to amplify the PT7-gRNA plasmid and the pCS2-nCas9n in such a way that the 

resulting RNAs have sequences that are complementary to the 3’ end of vivo morpholino 

sequence. The amplified PCR products from PT7-gRNA plasmid and the pCS2-nCas9n were 

transcribed with DIG labeled UTP. Adult fish were injected with one of the following: DIG 

labeled gRNA, DIG labeled Cas9, vivo morpholino, DIG labeled gRNA/ vivo morpholino hybrid, or 

DIG labeled Cas9/ vivo morpholino hybrid. Thirty minutes after injection, blood was collected 

and smeared on a glass slide. The blood smear was probed with anti-DIG antibodies followed by 

NBT/BCIP staining for alkaline phosphatase activity. The blood smear was observed at 20x 

magnification and pictures were taken (Figure12). The blood smear showed approximately 20% 

of 100 cells that we observed were blue in color in gRNA/vivo morpholino injected blood cells. 

 

Figure 11. PCR products of tail clips injected with higher 
concentrations of RNA. DNA amplified from tail clips of 24 
adult fish injected with higher concentrations of RNA. DNA 
from tail clips of wildtype (WT) fish were used as a control. 
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However, only 15% of 100 cells that we observed were blue in color in Cas9 RNA/vivo 

morpholino injected blood cells. Thus, we found that both gRNA and Cas9 RNA were taken up 

by the cells in samples that had both RNA (either gRNA or Cas9 RNA) and vivo morpholinos. The 

vivo morpholino alone and the RNA alone did not show any blue color. Interestingly, we noted 

that a greater number of thrombocytes (approximately 75% of blue colored cells) showed more 

blue color than other types (approximately 25% of blue colored) of blood cells.  
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 We wanted to confirm that the vivo morpholino would not get in the way of gRNA 

binding to DNA and of Cas9 to make the double stranded break. To test this, we used in vitro 

Cas9 digestion of the template factor VIII DNA containing the target site. The mixture of 

gRNA/morpholino complex, Cas9 protein, and factor VIII template DNA was incubated at 37°C 

for 1 hour. The digested DNA was run on a 1.5 % agarose gel (Figure 13). There were three 

bands observed. One band moved higher than the control DNA band and the other two bands 

appear to be the expected 285 bp and 204 bp bands that have shifted up. 

 

Figure 12. Labeled cells that took up labeled RNA. (A) Fish were injected with either 
gRNA/vivo morpholino complex, morpholino, or gRNA. After injection, the blood 
smears were probed with anti-DIG antibodies, and we took pictures at 20x 
magnification. The black arrows show a variety of cell types that took up the gRNA/vivo 
morpholino complex. (B) Fish were injected with either Cas9/vivo morpholino complex, 
morpholino, or Cas9 RNA. After injection, the blood cells were probed with anti-DIG 
antibodies, and we took pictures at 20x magnification. The black arrows show a variety 
of cell types that took up the Cas9/vivo morpholino complex. 
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Figure 13. Cas9 digested DNA 
with gRNA/morpholino 
complex. gRNA/ morpholino 
complex was incubated with 
Cas9 protein and template 
DNA. The black arrows show 
band sizes. 
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CHAPTER 6 

DISCUSSION 

In this thesis, we were also able to show that the gRNA that we designed for the factor 

VIII gene, along with Cas9 RNA was able to induce a factor VIII gene specific deletion in 

zebrafish embryos. The specificity was not confirmed because we did not have a chance to 

conduct rescue experiments. Thus, we provided a proof that CRISPR/Cas9 system can be used 

to target factor VIII in zebrafish. We found a deletion in only 1 out of 44 larvae. Such low 

frequency may be due to the possible lethalities in factor VIII deficient fishes. In addition, the 

target sequence may have a sequence context that is resistant to cleavage by CRISPR/Cas9 

system. Another possibility is that our microinjection may not be as optimal as it could be. The 

low frequency could also be caused by the size of deletion combined with the size of the PCR 

product as a screening method. If the deletion is larger than the PCR product size, then the 

deletion will be missed. If the deletion is only a few base pairs, the deletion will be hard to 

detect by gel electrophoresis. 

In this thesis, we were also able to provide evidence that single stranded RNA, up to a 

length of 4000 nucleotides, can be piggybacked by vivo morpholino and are taken up by various 

types of blood cells. Thrombocytes took up the RNA more readily than other types of cells. We 

do not know the molecular reasoning behind this observation. Since they are phagocytic, such 

phagocytic cells might be susceptible to penetrance by the hybrid of the vivo morpholino [24]. 

The Cas9/morpholino does not appear to enter cells as easily as gRNA/morpholino, since not as 

many cells were stained and the stain was not as intense. The size of the Cas9 RNA may be 

limiting the uptake. This work presented here is the first evidence that vivo morpholino 
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facilitated the entry of single stranded nucleic acids into cells by piggybacking them, because 

until now only the effects of the knockdown by the piggyback method had been observed. This 

evidence proves that the morpholino oligonucleotide complex enters the cells, and supports 

the phenotypes seen in knockdown experiments. 

We also observed that in our in vitro experiment the vivo morpholino in the hybrid did 

not affect the ability of gRNA and Cas9 to be able to bind to template DNA and introduce a 

double stranded break in the DNA. This suggested that the octa-guanadine dendrimer in the 

vivo morpholino did not interfere with the enzymatic activity of Cas9. All of the bands of the 

digested sample shifted up. This could be caused by the gRNA/vivo morpholino complex being 

bound to the DNA. 

 Infusions of the gRNA and Cas9 vivo morpholino hybrids have the potential for 

treatment of genetic diseases. With repeated infusions of the RNA hybrids, there is a possibility 

that a stem cell would be targeted and the mutation could be corrected. Through homology 

directed repair, the vivo morpholino could piggyback a template DNA to be inserted into the 

double stranded break to correct mutations. This would result in any new cells being produced, 

having the corrected gene. When correction of a mutated gene is not possible by the above 

approach, the vivo morpholino could be used to piggyback the wild-type RNA for the 

corresponding mutated genes and could result in translation of that RNA in vivo to produce a 

functional protein, at least transiently.  
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CHAPTER 7 

FUTURE EXPERIMENTS 

Future experiments should include injecting both piggyback gRNA and piggyback Cas9 

RNA into adult fish and looking for mutations in blood cells. We will also test whether repeated 

piggyback gRNA/Cas9 injections, into the same adult fish, could result in a stem cell mutation to 

permanently produce blood cells with the mutated gene. We also propose to test whether 

piggybacked RNA could be translated by injecting piggyback GFP RNA, and observe green 

florescence in blood cells. 
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