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Abstract 
Thrombosis is a leading cause of morbidity and mortality. Although 50-60% 

of thrombotic risk is estimated to be due to genetics, only 35% of individuals with 

a thrombotic event carry one of the 20-30 known genetic modifying risk factors. 

Antithrombin (AT3) is the primary endogenous inhibitor of the coagulation cascade, 

but deficiency of AT3 leads to an incompletely penetrant risk of thrombosis due to 

presumed genetic modifiers. The zebrafish is a small aquatic vertebrate with a 

well-characterized and highly conserved hemostatic system, but previous work  

from our laboratory suggests species specific factors allow zebrafish to survive 

severe hemostatic defects. This dissertation focuses on multiple areas: 

understanding the influence of known factors on thrombosis, developing a 

framework to identify novel factors and characterizing the conservation of 

hemostasis in zebrafish. 

Zebrafish are able to survive into adulthood with a severe genetic deficiency 

of factor V (f5) or factor X (f10), two factors upstream of prothrombin (f2), raising 

the possibility of alternative pathways for thrombin generation. To rule out this 

possibility, a f2 knockout phenocopied the life expectancy of the f5 and f10 

knockouts, confirming canonical function. The knockout led to an unexpected 

deletion in the kringle 1 domain and revealed a potential maturation and functional 

roles for (pro)thrombin. This model allows the study of the broad in vivo roles of 

thrombin such as cell signaling and response to inflammation that are impossible 

to explore in mice due to lethality.  

Loss of At3 leads to larval consumptive coagulopathy followed by lethal 

adult thrombosis. Intercrossing knockout alleles of f2, f10 and plasminogen (plg) 

onto the At3-deficient zebrafish genetic background demonstrated that 

heterozygosity for each individual mutation improved survival in the thrombotic 

population. After demonstrating the feasibility of genetically suppressing 

thrombosis, an unbiased chemical mutagenesis screen was performed to identify 
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novel suppressors. Four lines were established that demonstrated stable 

improvement in survival. A candidate approach identified frost, a point mutation in 

prothrombin. Heterozygosity for frost in at3-/- fish rescued both survival and the 

larval consumptive coagulopathy. Biochemical studies of the frost mutation 

demonstrated decreased prothrombin production and an inability to cleave 

fibrinogen. In parallel, the remaining lines were sequenced and a modern 

genomics pipeline confirmed the mutagenesis protocol was a successful unbiased 

survey, but did not achieve functional saturation of the genome. This indicates the 

strong potential of this protocol to identify new thrombosis biology.  

Finally, loss of tissue factor (TF), a key initiating factor of the coagulation 

cascade, is incompatible with murine embryonic survival and studies in humans 

are lacking. Zebrafish have 2 copies of TF (TFa and TFb) with unknown 

conservation of function, and loss of function alleles for both copies were 

generated. Loss of both resulted in early lethality, but single copies were sufficient 

for normal survival. TFa and TFb were shown to have predominant roles in the 

arterial and venous systems, respectively. Finally, although TFb has lower in vitro 

procoagulant activity, it may play a role in factor VII mediated activation of the 

intrinsic pathway.  

Overall, the work in this dissertation provides a strong foundation for 

studying and discovering modifiers of hemostasis and thrombosis using the 

zebrafish. Throughout this study, the utility of zebrafish was confirmed through the 

discovery of unexpected biology, demonstration of hemostatic rebalancing through 

thrombotic suppression and identification of promising novel alleles and pathways 

for informing human biology. 
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Chapter I: 
Introduction 

 

HEMOSTASIS 
 

 In all vertebrates, the distribution of oxygen and nutrients to tissues is 

facilitated by the circulation of blood through a close-looped cardiovascular 

system. Under normal physiology, the proteinaceous plasma and cellular 

component remain free-flowing through a network of endothelial cell coated blood 

vessels.1 In response to vessel damage, a series of reactions occur at the site of 

injury to prevent excessive loss of blood.2,3 Following injury, the process that stops 

blood flow and prevents further bleeding is known as hemostasis and is divided 

into a primary and a secondary phase.4 

 

Primary hemostasis 
 Initial exposure of collagen in the subendothelial matrix to the circulating 

blood reveals sites for the attachment of the large glycoprotein von Willebrand 

factor (VWF).5 Sheer force then causes unravelling of the VWF multimer and 

exposes sites for the binding of circulating platelets.6 Attachment of platelets 

induces their activation, facilitating a shape change and the release of platelet 

agonists.7 These agonists recruit and activate additional platelets which begin to 

adhere through GPIIb/IIIa mediated fibrinogen attachment.8 The aggregation of 

platelets results in the formation of a plug that stabilizes the site of injury as 

illustrated on the endothelial surface in Figure 1-1.9 The role of platelets is 

especially critical in high shear conditions, such as those found in the arterial 

system.10 Under high shear, aggregation of lipid rich surfaces provides a 
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foundation for the assembly of the factors required to greatly enhance the 

efficiency of secondary hemostasis.11,12  

 

Secondary hemostasis 
 In parallel to platelet plug formation, a secondary series of proteolytic 

reactions known as the coagulation cascade begins. This cascade is initiated 

through the binding of the transmembrane glycoprotein tissue factor (TF) on the 

surface of exposed subendothelial cells to the circulating serine protease factor 

VIIa (FVIIa) or its zymogen form factor VII (FVII). This interaction is stabilized 

through the interaction of the vitamin K-dependent carboxylation/gamma-

carboxyglutamic (Gla) domain on FVIIa with the phospholipid surface containing 

TF.13 Once bound to TF, FVIIa is able to cleave and activate the Gla-containing 

zymogen factor X (FX) to the serine protease factor Xa (FXa). This pathway is 

known as the extrinsic pathway of coagulation.14 In the presence of the cofactor 

factor Va (FVa) and a phospholipid surface, FXa is able to convert prothrombin to 

the active serine protease thrombin, shown in blue in Figure 1-1.15 This results in 

the end reaction of secondary hemostasis which is the thrombin-mediated 

cleavage of the soluble protein fibrinogen to the insoluble protein fibrin. The 

insoluble fibrin then self assembles into strands that are able to stabilize the 

platelet plug and results in a durable blood clot at the site of injury.16 The FXa-FVa-

thrombin-fibrin axis is referred to as the common pathway of coagulation (Figure 

1-1 top).  

In addition to the cleavage of fibrinogen, thrombin is able to feedback 

activate the serine protease factor XIa (FXIa) along with the cofactors factor Va 

and factor VIIIa (FVIIIa). FXIa converts factor IX (FIX) to factor IXa (FIXa) which 

subsequently generates FXa with the assistance of the cofactor FVIIIa. This 

portion of coagulation cascade is referred to as the intrinsic pathway (Figure 1-1 

top right).17 This pathway serves to amplify the generation of thrombin through the 

increased production of FXa.18 The intrinsic pathway can also be activated by the 

protease factor XIIa ex vivo, but this appears to be inconsequential for normal 

hemostasis in vivo as deficient patients do not bleed.19  
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GENETICS OF THROMBOSIS  
 

In the absence of vascular injury, the procoagulant process of hemostasis 

is kept in check by a series of anticoagulant factors.20 These factors allow the 

undisrupted flow of blood through the cardiovascular system. Disruption of this 

balance can lead to a risk of bleeding, when the anticoagulant factors dominate, 

or a risk of pathological clotting known as thrombosis, when the procoagulant 

factors dominate. Thrombosis is defined as the formation of a blood clot within the 

vessel and can disrupt delivery of an adequate blood supply to sites past the point 

of thrombus formation.21,22  

In the arterial system, thrombosis usually occurs due to abnormal platelet 

activation, e.g. through disruption of an atherosclerotic plaque in the wall of the 

vessel and can result in an ischemic injury such as a stroke or myocardial 

infarction.23 Thrombi that form in the arterial system are classically referred to as 

“white thrombi” in reference to the histological appearance of platelet rich clots.24 

As of 2013, the Global Burden of Disease project estimated that there are 8.5 

million myocardial infarctions and close to 7 million ischemic strokes globally each 

year.25 

In contrast, venous thromboembolisms (VTEs), or thrombi in the venous 

system, present as either deep-vein thrombosis (DVT) or, when mobilized and 

trapped in the lung vasculature, as pulmonary embolisms (PE).26  These are 

referred to as “red thrombi” due to their histology and high levels of fibrin and red 

blood cells relative to platelets.24 In the United States it is estimated that 1-2 in 

1000 individuals have a VTE each year, resulting in roughly 900,000 cases/year 

and 60,000-100,000 deaths.27,28  

Individuals with a genetic predisposition for forming thrombi are said to have 

inherited thrombophilia. The most common known causes typically result in an 

increased risk of VTE without an apparent influence on arterial thrombosis 

although common environmental risk factors may contribute to both.29,30  
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Factor V Leiden 
 The most common of prothrombotic genetic risk factors is a missense 

mutation leading to an arginine to glutamine substitution at position 506 (R506Q) 

in FV referred to as Factor V Leiden. During normal physiology, activated protein 

C (APC) inactivates FV by cleaving the mature protein at multiple residues 

including R506.31 The Leiden allele results in resistance of FV to APC inactivation 

and subsequent prolonged in vivo activity. In heterozygotes the risk of a first VTE 

is estimated to be 3 to 8-fold higher than an unaffected patient. In homozygotes 

this risk increases to 10 to 80-fold.32 Furthermore, the Leiden allele is present in 3-

8% of the US and European Caucasian populations. Combined, the prevalence 

and odds ratio mean that roughly 25% of first time idiopathic VTEs occur in carriers 

of the Leiden allele.33 This increases to 40-50% allelic frequency in patients with 

recurrent VTE.34 

 
Prothrombin G20210A 
 The second most common inherited thrombophilia is the result of a guanine 

to adenine transition in the 3’ untranslated region at position 20210 of the 

prothrombin gene. Potentially due to increased pre-messenger RNA (mRNA) 

stability, this mutation leads to an increase in circulating prothrombin levels.35 The 

mutation primarily occurs in Caucasians at an estimated frequency of 2%.36 

Heterozygosity increases the risk of unprovoked VTE by 2.5-fold while 

homozygosity leads to a 20-fold increase.37 

 

Protein C Deficiency 
 Protein C is a vitamin K-dependent protease that acts to inactivate FVa and 

FVIIIa to endogenously inhibit coagulation. Inherited defects in protein C are 

estimated to occur at a rate as high as 1 in 500 in healthy populations.38 In 

individuals with an unprovoked VTE, the prevalence of protein C deficiency is 2-

5% and 10-15% in those with recurrent VTE.34,39 Homozygosity is very rare and 

leads to a typically lethal condition called neonatal purpura fulminans that presents 

with widespread small vessel thrombosis and necrosis of the surrounding 
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cutaneous and subcutaneous tissues.40 Overall, the relative risk of VTE is 8 to 10-

fold higher when heterozygous for protein C deficiency.41 Over 160 mutations have 

been identified to date and can lead to either a quantitative defect in protein C 

levels (Type I) or a qualitative defect in protein C activity (Type II).42  

 
Protein S Deficiency 

Protein S is the vitamin K-dependent nonenzymatic cofactor of protein C 

that aids in the inactivation of FVa and FVIIIa. Protein S deficiency is estimated to 

occur in 1 out of 700 patients and approximately 2% of those presenting with 

VTE.43,44 This rate increases to 3-6% in populations with recurrent VTE. Similar to 

protein C, homozygous mutation leads to severe thrombophilia in early life with 

occasional purpura fulminans and high mortality.45 Protein S deficiency leads to a 

relative risk of thrombosis of 2.4.46   

 

Antithrombin Deficiency 
 Antithrombin III (AT3) is a serine protease inhibitor with a particular affinity 

to thrombin and FXa. AT3 acts as a suicide inhibitor, meaning that it forms a 1:1 

covalent complex with active proteases to block their activate site and irreversibly 

inactivate them.47 Deficiency of AT3 is the most severe of inherited thrombophilias 

with a relative risk of thrombosis of 5-50 compared to non-carrier controls.48 The 

frequency of deficiency is estimated at 1 in 2000 but present at 0.5-5% of patients 

who develop thrombosis.39,44 Patients with inherited AT3 deficiency have a poorly 

defined lifetime risk of developing a VTE with estimates of cumulative risk spanning 

from 20-80%.49,50 Homozygous loss of AT3 activity is thought to be incompatible 

with life.51  

 

Blood Type 
The agglutinogens A and B on the surface of human erythrocytes are the 

result of the histo-blood group ABO system transferase catalyzing the modification 

of saccharides on the H antigen.52 The presence of A antigen, B antigen, neither 

or both is the foundation of the ABO blood group system.53 It has been found that 
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the ABO system is a potent genetic modifier. O blood type, lacking both antigens, 

is associated with lower levels of circulating VWF and FVIII.54,55 In a study of 

hypertensive adults and post-menopausal women, it was found that blood types 

A, B and AB have an increased risk of thrombosis over type O with odds ratios of 

1.79, 1.82 and 2.70 respectively.56 The risk of non-O blood types has been 

confirmed in several large studies.57 

 

Current Therapeutic Options for Treatment of Thrombosis 
 There are 3 main classes of anticoagulant therapy. Warfarin, a vitamin K 

epoxide reductase inhibitor, blocks maturation of the many vitamin K-dependent 

coagulation factors (prothrombin, FVII, FIX, FX, protein C and protein S).58 Heparin 

(and its derivatives) is a naturally occurring glycosaminoglycan that substantially 

increases the affinity of AT3 for thrombin and FXa.59-61 Finally, the direct oral 

anticoagulants (DOACs) are relatively new small molecules that act to directly 

block the active sites of either thrombin or FXa.62,63 All three classes lead to an 

increased risk of bleeding at therapeutic levels.64-66 This high risk of adverse 

events with the low penetrance of many of the common inherited thrombophilias 

means that thrombophilic patients are generally not anticoagulated until they 

present with a VTE.67 This ultimately means that the clinical management of many 

patients with inherited thrombophilia is similar to patients with idiopathic VTE, and 

thus there is no benefit to genetic testing. Following initiation of treatment, patients 

must be monitored for adverse effects, and in the case of warfarin, routinely tested 

to maintain therapeutic levels.68  

 
THE COAGULATION CASCADE IN ZEBRAFISH 

 
The last 20 years have seen an explosion in the characterization of the 

coagulation cascade in fish broadly and zebrafish specifically. Genetic 

conservation has been shown for many of the major components including 

fibrinogen, prothrombin, FV, FX, FIX, FVIII, FVII, tissue factor (TF), AT3, protein 

C, and protein S.69-71 Furthermore, functional conservation of fibrinogen, 
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prothrombin, FV, FX and AT3 has been demonstrated through genetic knockout 

or transcriptional knockdown studies.72-77 For this work, the focus is on the 

coagulation cascade, but it is worth nothing that the cellular component is thought 

to be conserved as well.78,79 Notably, zebrafish lack megakaryocytes but their 

blood contains nucleated thrombocytes as the presumed functional equivalent of 

platelets.80-82 When compared to secondary hemostasis in humans, the 

differences in the zebrafish coagulation system can be classified as either absent 

factors or duplicated factors (Figure 1-1 bottom).  

 
Absent Factors 
 A few mammalian coagulation factors are absent in zebrafish. FXII is an 

endogenous activator of the contact pathway of coagulation in humans. In human 

plasma, FXII is activated by polyanionic surfaces and subsequently activates FXI. 

Zebrafish do not appear to have a homologue of FXII. Interestingly, it appears that 

FXII is either absent or has been lost in all aquatic species, indicating a potential 

role for a terrestrial specific function for FXII.83,84 

 The immediate substrates of FXII, FXI and prekallikrein (PK), also appear 

to be absent in zebrafish and the broader teleost family. It is thought that all 3 

genes arose via gene duplication in the tetrapod lineage with FXI and PK 

originating from a common precursor.71,83 

 

Duplicated Factors 
 When comparing the human and zebrafish genome, >70% of human genes 

have a zebrafish orthologue but approximately 1/3 of the zebrafish genome is 

duplicated.85 Duplicated genes in zebrafish appear in two forms: tandem or as a 

result of whole genome duplications. The former is the result of small regions of 

the genome being inadvertently duplicated, likely due to errors in homologous 

recombination.86 This leads to 1 or more adjacent copies of a gene. There is 

evidence of this affecting 2 zebrafish coagulation proteins: FVII and protein C.87  

FVII appears in a cluster of 3 tandem copies referred to as FVII (in this work 

F7 is used to reference the zebrafish protein aid in differentiating the various 
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copies), factor VII-like (F7L) and factor VII inhibitor (F7i). All three copies appear 

to be expressed during development and in adult tissue.88,89 They all maintain the 

conserved F7 structure of a putative Gla domain, 2 EGF domains and a predicted 

serine protease domain.90 F7i appears to have acquired multiple deleterious 

mutations including loss of the reactive serine in the catalytic triad of the protease 

domain and loss of the canonical site of cleavage required for activation. 

Functional studies confirm that F7i acts as a competitive inhibitor of tissue factor 

activated coagulation in vitro, and possibly in vivo.91 To date, there are no studies 

comparing the binding preferences or activity of F7 and F7L.  

Protein C also underwent a tandem duplication resulting in 2 copies. The 

amino acid sequence is highly conserved between these 2 copies, suggesting a 

recent event. Sequence analysis and unpublished data (Shavit laboratory) suggest 

that one copy is non-functional. 

When the ancestor of the teleost lineage evolutionarily diverged 320-350 

million years ago, it came with a whole genome duplication event.92 During a whole 

genome duplication event, there is an increase in ploidy due to mitotic or meiotic 

errors leading to extra chromosomes. Over time, mutations cause a divergence of 

sequence leading to the loss of many of the initially duplicated genes.93 However, 

many genes maintain multiple copies due to subfunctionalization, 

neofunctionalization or dosage compensation. Due to this historical event, roughly 

20-25% of the genes conserved from humans to zebrafish exist in duplicate, 

typically referred to as a and b copies.85,94 In contrast to tandem duplicates, whole 

genome duplicates exist on separate chromosomes and are often identified by 

both sequence conservation but also surrounding chromosomal gene synteny.95 

Two coagulation genes exemplifying this type of duplication exist in zebrafish: FIX 

(FIXa and FIXb) and TF (TFa and TFb). Currently, there are no published data 

regarding FIXa, FIXb or TFa and only a single report on TFb.96 It does appear at a 

sequence level that all 4 genes are functional and expressed during both 

development and in adult tissues.88,89                                
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FORWARD GENETIC SCREENS 
  

Since the dawn of nucleic acid-based life, natural variation in sequence has 

provided the substrate for the process of natural selection. Before science 

understood how to create targeted mutations, methods to increase the random 

mutation rate in a population were discovered.97,98 Forward genetics is the principle 

of using the observed phenotypes from natural or induced genetic variation to 

discover the genes influencing those phenotypes.99 One of the most common ways 

to create random point mutations is through the use of a chemical mutagen such 

as N-ethyl-N-nitrosourea (ENU). ENU is an alkylating agent that preferentially 

modifies nitrogenous bases in nucleosides (primarily thymine) in spermatogonial 

stem cells.100,101 Addition of ENU is estimated to introduce a deleterious mutation 

in 1 out of every 700 genetic loci or roughly 30 genes per sperm in mice, but the 

rate is highly dependent on the treatment conditions.102,103 

 In addition to a potent mutagen, a forward genetic screen requires readily 

observable phenotypes. Zebrafish grew rapidly as a model system in the early 

1990s due to their unique strength as a vertebrate model suitable for large forward 

genetic screens. A single mating pair of zebrafish can produce hundreds of 

offspring each week. These offspring develop transparently and externally making 

feasible the rapid observation of their entire developmental time course. The initial 

genetic screens in zebrafish generated thousands of offspring from the inbreeding 

of the second generation of mutagenized founders.104,105 This allowed for 

discovery of changes to development milestones that were transmitted in a 

recessive pattern.106 Many of these initial mutants were described in a special 

zebrafish issue of Development in December 1996.107 Over the next decade, 

hundreds of these mutations were isolated, and the causative genes discovered 

through the use of linkage of phenotypes with known genetic markers in large 

horizontal pedigrees.108 

 Previously, the Shavit laboratory completed a chemical mutagenesis screen 

in zebrafish with several modifications to these initial screens. First, the screen 

was performed as a sensitized suppressor screen. The screen was sensitized by 
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being performed on zebrafish lacking the at3 gene which results in early lethality 

due to increased thrombosis.75 The phenotype of interest was the suppression of 

thrombosis induced mortality. Secondly, the screen was completed in a dominant 

manner, meaning any modifiers improving survival would be present in the 

heterozygous state. This both increases the throughput of the screen but also 

enhances the relevance for common naturally occurring variants in human 

populations. Finally, the screen was done on adult survival which has the caveat 

of increasing false negatives due to non-specific lethality, and false positives due 

to stochastic survivors. 

 

REVERSE GENETICS 
  

Reverse genetics is the process of understanding the function of a gene 

through manipulation and observation for phenotypic alterations.109 Historically, 

this was done in zebrafish through the use of antisense oligonucleotide 

technologies such as morpholinos that transiently suppressed translation or 

through the transient overexpression of wild-type and mutant proteins.110-113 With 

the advent of zinc finger nucleases, it became possible for the first time to create 

transmittable targeted genetic mutations.114,115 This ability improved with the 

introduction of transcription activator-like effector nucleases.116,117 Finally, in the 

last decade, the ease and access of genetic engineering has exploded with the 

development of CRISPR (clustered regularly interspaced short palindromic 

repeats)/Cas9 technology.118-120  

CRISPR/Cas9 is a two-part system discovered as a form of adaptive 

immunity in prokaryotes that has been modified to introduce targeted mutations in 

eukaryotes.121 For use in zebrafish, the system works as briefly follows. The DNA 

nuclease Cas9 with nuclear localization signals is either expressed via plasmid 

DNA or directly injected as mRNA or protein into the single cell zebrafish zygote. 

In addition, a single guide RNA (sgRNA) is co-delivered with the Cas9. The sgRNA 

consists of a domain that complexes with the mature Cas9 protein (the tracrRNA 

portion) and a second gene specific domain (the crRNA) that allows targeting of 
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the Cas9 to the site of interest. The only requirement for targeting is the presence 

of a protospacer adjacent motif (PAM) sequence at the site of interest. For Cas9, 

the PAM sequence fits the pattern of NGG.122 Once the assembled complex is 

delivered to the nucleus, it is able to make double stranded breaks (DSB) at the 

site of interest. Multiple sgRNAs can be delivered and multiple DSBs induced 

simultaneously. Generally, this process of delivery at the single cell stage results 

in chimeric founder fish carrying dozens of different alleles at the site due to errors 

during repair.123 Offspring of these founder fish are screened for ideal alleles that 

disrupt the coding sequence of the targeted gene. Previous studies have 

demonstrated that co-delivery of repair templates facilitates the targeted 

introduction of point mutations or reporter genes.124-126 

 

REMAINING QUESTIONS FOR THE GENETICS OF THROMBOSIS 

 
The explosion of high throughput sequencing data availability and 

integration with large cohorts of patients has greatly expanded our ability to 

perform observational studies on complex diseases.127,128 Despite this and the fact 

that 50-60% of VTE risk is attributed to genetics, only 35% of VTE patients contain 

a polymorphism in one of the 20-30 genes known to contribute to 

thrombophilia.129,130 Additionally, the complexity of concurrent chemical reactions 

in the blood means that the disruption of known factors can have unexpected 

compensatory consequences. For example, mathematical modeling suggests that 

the bleeding risk of hemophilia A (FVIII deficient) patients can be unexpectedly 

attenuated by lowering the plasma levels of the procoagulant protein FV.131  

Zebrafish offer an integrated framework both for the high-throughput 

discovery of novel factors and lower-throughput characterization of the complex 

multigenic environment of known factors. Using forward genetics facilitates the 

unbiased discovery of factors outside the canonical pathway of coagulation and 

may uncover diagnostic markers for VTE risk stratification and therapeutic targets 

for risk minimization. Incorporating genome engineering with the large horizontal 

pedigrees of zebrafish will provide in depth knowledge of how multiple genes 
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interact to either exacerbate or reestablish the hemostatic balance induced by 

known genetic deficiencies. The long-term goal is to help identify which at-risk 

patients should receive robust therapeutic intervention and which patients can be 

safely monitored without unnecessary anticoagulant therapy.  
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Figure 1-1. Diagram of hemostasis demonstrates slight differences between 
human and zebrafish coagulation cascades. 
Human (top) and zebrafish (bottom) have a similar process of primary hemostasis 
carried out by platelets in humans and nucleated thrombocytes in zebrafish. 
Secondary hemostasis differs due to the additional copies of factor IX (f9), tissue 
factor (TF), and factor 7 (f7) and the absence of factor XI (F11) and factor XII (F12).
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Chapter II: 
Disruption of the Kringle 1 Domain of Prothrombin Leads to Late Onset 

Mortality in Zebrafish 
 
Note: Chapter 2 was published in Scientific Reports as a regular article in the 
March 04, 2020 issue (Co-Authors: Steven J. Grzegorski, Zhilian Hu, Yang Liu, 
Xinge Yu, Allison C. Ferguson, Hasam Madarati, Alexander P. Friedmann, Deepak 
Reyon, Paul Y. Kim, Colin A. Kretz, J. Keith Joung and Jordan A. Shavit). 
 

INTRODUCTION 
 

Maintaining blood flow in a closed circulatory system requires a delicate 

balance between pro- and anticoagulant factors. Disequilibrium of these factors in 

either direction can lead to pathology. In response to vascular injury, the balance 

shifts towards coagulation in an effort to stabilize blood clots and prevent 

exsanguination. Critical to this clot stabilization is the activation of prothrombin, a 

vitamin K-dependent clotting factor, to form the central clotting enzyme, 

thrombin.132 Thrombin cleaves soluble fibrinogen into fibrin monomers, which then 

polymerize to form the insoluble fibrin clot.133 Additionally, thrombin interacts with 

protease activated receptors (PARs) on the surface of various cells, including 

platelets, which makes it the most potent endogenous agonist of primary 

hemostasis.134 Human prothrombin (F2) variants have been linked to both 

thrombophilia and bleeding diatheses. The most common variant (~2% in 

European populations)135 is a guanine to adenine transition in the 3’ untranslated 

region at position 20210 that leads to increased plasma prothrombin levels and a 

2-3 fold elevated risk of deep vein thrombosis.4,35 Congenital prothrombin 

deficiencies result in a bleeding diathesis, but are rare. Acquired deficiencies due 

to liver failure or vitamin K deficiency are more common.136,137 
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 Structurally, prothrombin consists of six domains: signal peptide, 

propeptide, Gla, kringle 1, kringle 2, and the heavy chain and light chain forming 

the serine protease.132 Following translation, the propeptide targets the protein for 

post-translational gamma-carboxylation of the glutamic acid residues within the 

Gla domain. This vitamin K-dependent process is necessary for proper localization 

of the mature zymogen to the activated membrane surface.138 While relatively 

understudied, the kringle domains are thought to interact with activated factor V 

(FVa) during assembly of the prothrombinase complex (FVa and activated factor 

X (FXa)).139-141 Cleavage of prothrombin by the prothrombinase complex results in 

fragment 1.2 (the Gla and 2 kringle domains) and thrombin (light and heavy 

chains). 

 Targeted mutagenesis of F2 in mice demonstrates 50% mortality by 

embryonic day 10.5 with hemorrhage associated with suspected defects in yolk 

sac vasculature. Mutants surviving to birth succumb to hemorrhage by postnatal 

day 1.142,143 Loss of other common pathway factors, including FV and FX, show a 

similar pattern of bimodal lethality.144,145 These data are suggestive of a secondary 

role beyond the coagulation system during development. More recent studies 

reveal that conditional knockout of prothrombin in adult mice leads to mortality due 

to hemorrhagic events within 5-7 days, although there remains a residual level of 

prothrombin.146 Combined with the long half-life of prothrombin (60-72 hours)147 it 

is likely that the adult mice do not achieve complete deficiency prior to lethality. 

Due to early lethality of complete genetic knockouts of prothrombin in mice, 

the nuances of thrombin’s role in in vivo hemostasis and development are difficult 

to study. Zebrafish (Danio rerio) has advantages for the investigation of early 

development because of its high fecundity, external fertilization, and transparent 

development. Embryonic and adult studies have demonstrated the benefits of 

zebrafish for the study of hemostatic and other human diseases.69,148 Conservation 

of coagulation factors in zebrafish is well characterized with a variety of techniques 

and genetic models.19,75,76,91,149-151 FX knockout (f10-/-) zebrafish survive several 

months into adulthood before succumbing to lethal hemorrhage, suggesting that 

the model is more resistant to extreme disturbances in hemostasis than 



 

 16 

mammals.122 Notably, evaluation of f10-/- fish vasculature shows no abnormalities 

in the embryonic period. 

Complete prothrombin deficiency has never been seen in humans and is 

incompatible with life in mice, limiting the ability to understand the entirety of 

prothrombin’s in vivo functions. Therefore, we have now used genome editing 

TALENs (transcription activator-like effector nucleases) to produce a genetic 

knockout of the prothrombin gene (f2) in zebrafish. We show here that loss of 

prothrombin in zebrafish does not result in severe developmental defects but does 

prevent the formation of clots in response to endothelial injury and leads to early 

mortality at 2-3 months of age. Furthermore, the mutation generated lends insight 

into the role of the kringle 1 domain in prothrombin biosynthesis and activation. 

 

MATERIALS AND METHODS 
 

Animal Care 
 Zebrafish were maintained according to protocols approved by the 

University of Michigan Animal Care and Use Committee. All wild-type fish were a 

hybrid line generated by crossing AB and TL fish acquired from the Zebrafish 

International Resource Center. A hybrid line was selected to minimize strain 

specific effects and for improved reproductive success.152 Tg(cd41:egfp) fish were 

used for tracking of fluorescently labeled thrombocytes.60 Tris-buffered tricaine 

methanosulfate (Western Chemical) was used for anesthesia during all live animal 

experimental manipulation and for euthanasia. 

 

Sequence analysis 
 Prothrombin protein sequences (NP_000497.1, NP_034298.1, 

NP_989936.1, NP_998555.1, NP_001015797.1) were downloaded from the 

National Center for Biotechnology Information RefSeq database.153 Homology 

predicted propeptides were removed and the prothrombin numbering scheme154 

was used relative to the human prothrombin sequence unless otherwise noted. 
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Zebrafish sequence was modified to include an incompletely annotated exon. 

Sequences were aligned using MUSCLE155 and shaded using the Boxshade 

server (https://embnet.vital-it.ch/software/BOX_form.html). 

 

Targeted mutagenesis using TALENs 
 The f2 coding sequence was identified in the zebrafish reference genome 

(Gene ID: 325881).85 Factoring in technical design limitations and predicted 

efficacy, an optimal target site 5’ to the protease domain was selected in exon 6 

for mutagenesis. TALEN constructs were created using fast ligation-based solid-

phase high-throughput (FLASH) assembly targeted to exon 6 of the zebrafish 

genomic f2 locus and validated as described.114,156 mRNA was transcribed from 

plasmids and injected into single cell embryos. The resulting chimeric founders 

were raised, outcrossed, and offspring screened for deleterious mutations. A single 

founder heterozygous for a 14 base pair deletion (f2Δ14) in the coding sequence 

was identified and crossed to wild-type fish to establish the mutant line. 

 

Genotyping of mutant offspring 
 Whole embryos or adult fin biopsies were lysed in buffer (10 mM Tris-HCl, 

pH 8.0, 2 mM EDTA, 2% Triton X-100, 100 µg/mL proteinase K) for 2 hours at 

55°C followed by incubation at 95°C for 5 minutes. One microliter of the resulting 

solution was used as template for gene specific polymerase chain reaction (Table 

1-1) and analyzed by gel electrophoresis. 

 

Histochemical analysis 
 For in situ hybridization, DIG-labeled riboprobes (DIG RNA-labeling kit, 

Roche) were synthesized using 2-day old wild type embryonic cDNA and gene 

specific primers with T7 overhangs (Table 1-1). Embryos were fixed overnight at 

4°C in 4% paraformaldehyde in phosphate buffered saline prior to dehydration. 

Permeabilization and staining were performed as described.157 Stained samples 

were evaluated by phenotype prior to genotyping. 
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 For hematoxylin and eosin staining, juvenile zebrafish (30-89 days) were 

fixed overnight in 4% phosphate buffered paraformaldehyde and embedded in 

paraffin. Sagittal sections (3 µm) were collected every 50 µm and stained. 

 

Single molecule real-time sequencing of RNA 
 Three f2+/Δ14 larvae were homogenized at 5 days post fertilization (dpf) in 

lysis buffer using a 21-gauge syringe. Total RNA was purified from the lysate using 

the PureLink RNA Mini Kit (Life Technologies) followed by DNAse I treatment 

(Invitrogen) and cDNA synthesis using the Superscript III First Strand cDNA kit 

(Invitrogen). Primers (Table 1-1) were used to amplify a 918-base pair (bp) region 

surrounding the predicted deletion. This region included several non-deleterious 

single nucleotide polymorphisms (SNPs) in downstream exons known to be allelic 

with either the wild-type or mutant alleles. Purified products from the 3 samples 

were pooled and sent to the University of Michigan Sequencing Core for library 

preparation and single molecule real-time high throughput sequencing (SMRT, 

Pacific Biosciences). Circular consensus reads with at least 5x coverage were 

filtered for full-length single inserts. After filtering for quality, the resulting 3826 

reads were sorted by haplotype and splice variation. 

 

Quantitative real-time PCR  
Total RNA was extracted from 7 dpf larvae using the RNeasy Mini Plus kit 

(Qiagen) and transcribed using oligo(dT)12-18 primer and Superscript III 

(Invitrogen). Three pools of three whole larvae were used per genotype. The 

resulting cDNA was used as template for qPCR (StepOnePlus, Applied 

Biosystems) using gene specific PrimeTime© probe-based qPCR Assays 

(Integrated DNA Technologies) (Table 1-1). The expression level of f2 was 

normalized to the actb2 gene and significance analyzed using the double delta Ct 

method as described.158 Transcript flanking the deletion was amplified using allele 

unbiased primers and separated by capillary gel electrophoresis (Table 1-1). Molar 

ratios were calculated from standardized relative band intensities using QIAxcel 

ScreenGel software (Qiagen). 
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Laser-induced endothelial injury 
 Anesthetized zebrafish larvae were embedded in 0.8% low melting point 

agarose and oriented in the sagittal position on a glass coverslip. Larvae were then 

positioned under an Olympus IX73 inverted microscope with an attached pulsed 

nitrogen dye laser (Micropoint, Andor Technology). For venous injury, ninety-nine 

laser pulses were administered to the luminal surface of the endothelium on the 

ventral side of the posterior cardinal vein (PCV) 5 somites posterior to the anal 

pore of 3 dpf larvae as previously described.159 For arterial injury, pulses were 

administered to the endothelial surface of the dorsal aorta 3 somites posterior to 

the anal pore of 5 dpf larvae.159 Following injury, time to occlusion and/or time to 

thrombocyte attachment were monitored for 2 minutes by a blinded observer. 

Larvae were manually extracted from agarose for genotyping. 

 

Chemical treatment 
 Dabigatran etexilate, apixaban, and rivaroxaban were dissolved in DMSO 

and diluted in embryo water to final concentrations of 50, 100, and 250 µM, 

respectively. At 5 dpf larvae were treated for 24 hours prior to laser-mediated 

endothelial injury on day 6. For ε-aminocaproic acid (Sigma) treatment, zebrafish 

embryos were incubated in 100 mM at 1 dpf and the time to occlusion was 

evaluated at 3 dpf following laser-induced endothelial injury.  

 

O-dianisidine staining 
 Anesthetized larvae were incubated in the dark at 4 dpf for 30 minutes in o-

dianisidine staining solution as previously described.160,161 Larvae were 

subsequently fixed overnight at 4°C in 4% paraformaldehyde, and pigment was 

removed using bleaching solution (1% KOH, 3% H2O2). 
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Human prothrombin expression vector construction and injection 
 Plasmid pF2-bio-His was obtained from Addgene (plasmid #52179) and 

human F2 cDNA amplified using primers containing vector sequence homology 

(Table 1-1). pcDNA3.1 was digested with BstBI and KpnI, followed by gel 

purification of the linearized backbone. The NEBuilder kit was used to fuse the F2 

cDNA with linearized vector and transformed into 10beta competent cells (NEB). 

Site directed mutagenesis was used for missense mutation introduction.75 and 

NEBuilder end homology joining was used to create internal deletions. 

Replacement of residues 100 to 115 of human F2 with a glutamic acid resulted in 

a homologous 15 amino acid deletion in human prothrombin (Δ15). As the deletion 

includes the cysteine residue at position 114, the effect of introducing a free-

cysteine at position 138 due to the loss of its binding partner was investigated by 

generating two additional vectors that included an alanine substitution without 

(C138A) or with the 15-residue deletion (C138A/Δ15). For in vivo rescue assays, 

plasmid DNA (90 pg) in 0.1M KCl was injected into one-cell stage embryos 

generated from heterozygous f2Δ14 incrosses using pulled glass capillary needles. 

 

Human prothrombin protein expression and isolation 
F2 mutant vectors were transfected into human embryonic kidney 293T 

(HEK293T) cells in 6-well plates using Lipofectamine 3000 (ThermoFisher 

Scientific; L3000008) according to manufacturer’s instructions. The media and 

cells were collected after 3 days. The cells were washed with DPBS and lysed with 

50 µL RIPA buffer on ice for 15 minutes. Prothrombin concentration in the 

expression media and cell lysate were quantified by ELISA using a matched-pair 

antibody set (Affinity Biologicals Inc., Ancaster, Canada), according to 

manufacturer’s instructions. 

To characterize the functional characteristics of the prothrombin derivative, 

the plasmid containing the cDNA for prothrombin C138A/Δ15 was transfected and 

selected in HEK293 cells to generate a stable cell line. Using sustained rolling 

incubation at 37°C, expression was induced in D-MEM supplemented with vitamin 

K1, and collected every 2-3 days.162 The media were then centrifuged at 2,000x g 



 

 21 

to remove cell debris, and the supernatant was filtered through a 0.22 µm filter 

(Millipore). The media was loaded onto tandem XAD2 and Q-Sepharose fast flow 

columns pre-equilibrated with 0.02M Tris, 0.15M NaCl, pH 7.4 (TBS) and eluted 

with 0.02M Tris, 0.5M NaCl, pH 7.4 as described previously.163 

 

Prothrombin activation and activity 
 Prothrombin activation was quantified as described previously.163 Briefly, 

prothrombin (0.1 µM) was incubated with PCPS vesicles (50 µM; 75% 

phosphatidylcholine, 25% phosphatidylserine), FVa (20 nM), CaCl2 (5 mM), and 

dansylarginine N-(3-ethyl-1,5-pentanediyl)amide (1 µM, DAPA) in 0.02 M HEPES, 

0.15 M NaCl, pH 7.4 with 0.01% Tween80 (HBST). The reactions were initiated by 

the addition of FXa (70 pM) and activation was monitored for fluorescence change 

at 1-minute intervals using a SpectraMax M2 plate reader (Molecular Devices). 

Excitation and emission spectra were 280 nm and 540 nm, respectively, with an 

emission cutoff filter set at 530 nm. The quantum yield of the thrombin-DAPA 

complex was determined by plotting the total signal change observed with respect 

to known concentrations of the thrombin-DAPA complex.141 

 To determine the resulting thrombin activity, prothrombin was activated to 

thrombin by prothrombinase as described above. After a 30-minute incubation, 

complete prothrombin activation was verified by SDS-PAGE (not shown). The 

resulting thrombin (5 nM) was simultaneously added to either a thrombin-specific 

substrate S-2238 (400 µM; DiaPharma, West Chester, OH) or fibrinogen (3 µM), 

all in the presence of 5 mM CaCl2 in HBST. Both reactions were monitored at 405 

nm using SpectraMax M2 plate reader (Molecular Devices) to quantify the 

amidolytic (S-2238) or clotting (fibrinogen) activity of thrombin. 

 

Statistical analysis 
The occlusion data were analyzed using Mann-Whitney U or two-tailed 

Student t tests. Survival was evaluated by log-rank (Mantel-Cox) testing. 

Significance testing, graphs, and survival curves were made using GraphPad 
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Prism (Graphpad Software, La Jolla, California). P-values (p<0.05 or p<0.0001) 

were used to evaluate statistical significance. 

 

RESULTS 
 

Zebrafish prothrombin demonstrates a high degree of sequence 
conservation 
 Mature zebrafish prothrombin is a 579 amino acid protein that shares 55% 

identity and 72% homology with human prothrombin, including 68% identity and 

86% homology when comparing the regions corresponding to thrombin. Zebrafish 

prothrombin is detected within the first day of development and leads to 

measurable fibrin forming activity by 48 hours.82 Overall, the prothrombin 

sequence is highly conserved across vertebrates, with complete conservation of 

cysteine residues, suggesting the conservation of major structural features such 

as the kringle domains (Figure 2-1). 

 

Zebrafish thrombin activity is inhibited by direct oral anticoagulants 
 To test the relative conservation between zebrafish and human thrombin, 

larvae were treated with three direct oral anticoagulants: direct thrombin inhibitor 

(dabigatran) as well as direct FXa inhibitors (rivaroxaban and apixaban). Following 

24 hours of treatment, 6 dpf larvae exposed to dabigatran etexilate, rivaroxaban, 

or apixaban were unable to form occlusive thrombi in response to injury (Figure 2-

2). These data show that the carboxylesterase function required to convert 

dabigatran etexilate to dabigatran is conserved in zebrafish, as is the ability of 

dabigatran to inhibit zebrafish thrombin. Apixaban and rivaroxaban also 

demonstrate conserved inhibition of FXa, which inhibits prothrombin activation. In 

humans, mean plasma concentrations of all 3 inhibitors are in the range of 100-

600 nM.164,165 Similar concentrations of dabigatran and 10-100 fold higher 

concentrations of rivaroxaban have been shown to impair clot formation following 

tail bleeds in mice.166,167 Although difficult to predict, the low polarity of the 3 
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molecules leads us to estimate that the molecules will be poorly absorbed from the 

media and result in similar tissue levels to those seen in humans.168 

 

Targeted genome editing induces a deletion resulting in decreased f2 
expression 

Having established the functional conservation of prothrombin, we sought 

to analyze the long-term effects of thrombin deficiency using a genetic model. 

Utilizing TALEN-mediated genome editing, exon 6 of f2 was targeted with the aim 

of creating a frameshift and subsequent nonsense mutation prior to the protease 

domain. Sequencing data showed a 14 bp deletion within the genomic region 

homologous to the human prothrombin kringle 1 domain (Figure 2-3A). In situ 

hybridization demonstrated decreased, but not absent f2 mRNA in homozygous 

mutants at 3 and 5 dpf compared to wild-type siblings (Figure 2-3B). This is further 

supported by quantitative RT-PCR data demonstrating a 45% reduction in mRNA 

transcript in homozygous mutants (Figure 2-3C). To characterize the residual 

mutant transcript, semi-quantitative RT-PCR was performed using primers flanking 

the mutation site. Only wild-type and mutant bands were seen in pools of wild-type 

and homozygous mutant embryos, respectively. In heterozygous embryos, the 

computed molar amount of the mutant band was only 26% of the total, with the 

remainder being wild-type (Figure 2-3D). Notably, the homozygous mutant 

transcript was roughly 30 base pairs smaller than expected. 

 

Genomic deletion reveals a cryptic splice site that creates an alternative 
splice variant 

To identify potential splice variants, full length f2 cDNA was sequenced from 

f2+/+ and f2Δ14/Δ14 larvae (Figure 2-4, top). This revealed that there is a cryptic splice 

acceptor 3’ to the 14 bp genomic deletion in exon 6. In contrast to the canonical 

splicing which forms a transcript containing the 14 bp deletion, alternative splicing 

from the exon 5 splice donor site to the cryptic splice site generates a 45 bp 

deletion in kringle 1 of prothrombin (Figure 2-4). Notably, this maintains the reading 

frame and replaces DEFNVTQLKLQENFCR with a single glutamic acid for a net 
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loss of 15 amino acids. This deletion includes a highly conserved cysteine (C119 

in the zebrafish peptide) predicted by homology to form a disulfide bond with 

zebrafish C143 (Figure 2-1). The protein product of this alternatively spliced 

transcript is referred to as Δ15. To understand the distribution of splicing, we 

performed deep SMRT sequencing of f2 cDNA from f2+/Δ14 mutant larvae at 3 dpf. 

Overall, 3842 consensus sequences were analyzed. Using downstream allelic 

polymorphisms, the reads were sorted into wild-type and f2Δ14 haplotypes. Of the 

2384 reads derived from the wild-type locus, 100% underwent canonical splicing 

(Figure 2-4, middle). In contrast, only 17/1458 (1.2%) mutant locus reads displayed 

canonical splicing (Figure 2-4, bottom) and the remainder made use of the cryptic 

splice site to form the Δ15 transcript (1441/1458, 98.8%).  

 

Disruption of the prothrombin kringle 1 domain results in adult lethality due 
to internal hemorrhage 

To examine the functional consequence of kringle 1 disruption, we 

evaluated homozygous mutant fish at various stages of development. Beginning 

around 1 month of age, f2Δ14/Δ14 fish showed signs of overt internal hemorrhage 

and the majority (23/24) died by adulthood, defined as 90 days of age (Figure 2-

5A-B). Gross intracranial and fin hemorrhage was visible, and histological analysis 

demonstrated the occurrence of bleeds within the head, jaw, muscle, fins, and 

around the heart and abdomen (Figure 2-5C). 

 

Homozygous mutant larvae fail to form thrombi in response to endothelial 
injury 

Given that 80% of f2Δ14/Δ14 fish were able to survive development to the 

juvenile stage (30-90 days of age), we assessed the possibility that there could be 

residual detectable thrombin activity in early embryos and larvae. Thrombin has 

roles in both primary and secondary hemostasis, platelet activation and fibrin 

formation, respectively. These roles were evaluated using laser-mediated 

endothelial injury models of arterial and venous thrombus formation (Figure 2-6A). 

Homozygous mutant larvae were unable to form occlusive thrombi in the venous 
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system in response to injury. This was refractory to treatment with the fibrinolytic 

inhibitor ε-aminocaproic acid, further confirming a lack of fibrin generation (Figure 

2-6B). To confirm that defects in hemostasis were not due to off target effects of 

genome editing, embryos were injected at the one-cell stage with plasmid 

expressing human F2 cDNA driven by the constitutively active cytomegalovirus 

promoter.169,170 Endothelial injury at 3 dpf induced clot formation within 2 minutes 

in 50% of homozygous embryos in contrast to uninjected controls (Figure 2-6C). 

To assess the role of thrombin in the zebrafish arterial system, the f2Δ14 mutation 

was bred into the Tg(cd41-egfp) background in which circulating thrombocytes 

express GFP. At 5 and 6 dpf, f2Δ14/Δ14 larvae had a decreased ability to form 

occlusive arterial thrombi (Figure 2-6D). The time to thrombocyte attachment was 

not statistically different between groups (Figure 2-6E) while the number of 

attached thrombocytes appeared to be slightly increased in the f2Δ14/Δ14 larvae, but 

only at 6 dpf (Figure 2-6F). Overall these data reveal intact primary hemostasis but 

a loss of secondary hemostasis. Despite this, erythrocyte staining with o-

dianisidine revealed no overt signs of hemorrhage in 1-week old f2+/+ or f2Δ14/Δ14 

larvae (data not shown).  

 

An intact kringle 1 domain is important for normal prothrombin levels 
 To interrogate how partial loss of the kringle 1 domain alters prothrombin 

function, a Δ15 version of human prothrombin was generated, corresponding to 

the zebrafish deletion. As this deletion removes C114 and results in a free-thiol at 

C138, two additional prothrombin variants were generated (C138A and 

C138A/Δ15). Transient expression in HEK293T cells led to wild-type secretion 

>100 ng/mL while all mutants were <3 ng/mL and not significantly different from 

the non-transfected control (Figure 2-7A). Furthermore, measurement of 

prothrombin in the cell lysate revealed >10 ng/mL for wild-type expression while 

two of the three mutants (C138A and C138A/Δ15) were < 5 ng/mL and not 

significantly different from control. The remaining mutant, Δ15, was significantly 

different than control but on average produced less protein than the wild-type 

product (Figure 2-7B). Overall, this suggests that the loss of these residues within 
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kringle 1 impaired biosynthesis or stability and led to a significant reduction in 

overall secretion. 

 

The kringle 1 mutant has impaired endogenous activity despite an intact 
protease domain 

The C138A/Δ15 prothrombin was expressed from a stably transfected 

HEK293 cell line, purified, and its activation by prothrombinase was quantified. The 

quantum yield of fluorescence signal change observed upon thrombin-DAPA 

complex formation was comparable between wild-type (3262 ± 347 RFU/µM) and 

C138A/Δ15 (3354 ± 180 RFU/µM), consistent with the protease domain remaining 

intact. However, the initial rate of activation, defined as the linear phase of steady 

state kinetics during the first 15-20% of the reaction, was 3.3-fold faster for wild-

type (19.5 ± 1.4 s-1) compared with C138A/Δ15 (5.8 ± 0.5 s-1) (Figure 2-7C). 

The functionality of thrombin generated from the mutant prothrombin variant 

was then investigated. The amidolytic activity of thrombin towards S-2238 was 

similar between wild-type (82.7 ± 6.5 mOD/min) and C138A/Δ15 (89.0 ± 6.4 

mOD/min) (Figure 2-7D). However, C138A/Δ15-thrombin had a significantly 

prolonged clot time (200.6 ± 5.3 s) compared to wild-type (67.7 ± 3.1 s) (Figure 2-

7E), mostly due to delayed clot initiation and 1.5-fold higher total turbidity change 

(Figure 2-7F) compared with wild-type. The rate of clot formation was also slower 

(82.4 ± 6.3 mOD/min) compared with the wild-type (135.9 ± 12.3 mOD/min) (Figure 

2-7G). These data suggest that thrombin derived from C138A/Δ15 prothrombin 

has normal catalytic properties towards small peptidyl substrates, but impaired 

activity towards macromolecular substrates like fibrinogen. 

 

DISCUSSION 
 

The zebrafish model has been developed as a useful tool for understanding 

coagulation, especially during early development. In contrast to mammals, in which 

a number of coagulation factors are necessary for embryonic and/or neonatal 

viability, zebrafish are able to survive the loss of many aspects of the canonical 
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cascade at least until early adulthood. Loss of antithrombin, fibrinogen, FV, and 

FX are all compatible with development to adulthood.19,75,77,122,151 Targeting of f10 

in fish results in the absence of larval hemostasis, but is accompanied by extended 

survival.122 These data suggest that there could be residual thrombin activity 

present. Previous studies have utilized transient knockdown and chemical 

inhibition to study the loss of prothrombin in zebrafish,149,171-173 providing valuable 

insight into the conserved function of prothrombin and suggesting a potential role 

for the coagulation cascade in development. Unfortunately, these technologies are 

susceptible to toxicity and off target effects. Additionally, specific chemical 

inhibition targets the proteolytic activity of thrombin without addressing the 

potential for exosite mediated binding of other factors. We sought to leverage 

knockout technology to create a specific genetic knockout of f2. We produced a 

genomic deletion in exon 6 with the intent of creating a nonsense mutation. 

Unexpectedly, we found reduced expression of an alternatively spliced version of 

prothrombin lacking a conserved cysteine in the kringle 1 domain. In vitro 

biochemical studies demonstrated that this protein is synthesized and secreted at 

a low level, and the secreted protein has decreased activation and activity. In vivo, 

the Δ15 mutant results in the loss of the ability to form fibrin rich clots and lethality 

by 2 months of age due to spontaneous hemorrhage. However, thrombocyte 

attachment was unaffected, consistent with the dogma that platelet adherence is 

mediated primarily via von Willebrand factor and collagen binding.174-176 Overall, 

our data suggest that this is likely a severe hypomorph, if not functionally a 

complete null. Given that f2Δ14/Δ14 phenocopies the previously described f10 

knockout, it appears that any residual thrombin activity is likely to be physiologically 

negligible 

Surprisingly, no obvious developmental defects were observed, including 

grossly normal vascular development, with survival through early adulthood. 

Previous work using antisense technology has demonstrated a variety of 

developmental malformations including hemorrhage, and circulatory, brain, and 

tailbud malformations.171 These defects were not observed across multiple 

clutches in our knockout. This inconsistency could be due generally to off target 
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effects of antisense knockdown or genetic compensation that can occur in 

response to genomic editing.177 Conversely, the discrepancy may be a result of 

the fibrinogen-independent residual activity of the mutant thrombin, as detected in 

the amidolytic assay. Notably, the victoria mutant, which mapped close to f2 and 

is likely a mutant allele, similarly affects induced thrombus formation without a 

described developmental defect,70 consistent with our data.  

Kringle 1 is an understudied domain of prothrombin, but it is thought to 

interact directly with FVa and regulate prothrombin activation.140 For the first time, 

we demonstrate that a defect in the kringle 1 domain may lead to decreased levels 

of prothrombin in circulation as well as decreased thrombin generation, thus 

contributing to the observed coagulopathy. The impairment of overall thrombin 

activity occurs at multiple levels. First, presumed inefficiency of the cryptic splice 

site in mRNA maturation leads to a roughly 45% reduction in transcript levels due 

to predicted nonsense mediated decay of the mutant transcript making use of the 

canonical splice site. Notably, splicing to the cryptic site is not seen in wild-type 

fish and a cryptic AG splice acceptor is not present in the human transcript. 

Second, when introduced into human prothrombin, the deletion resulted in a 

substantial decrease in secretion. It is possible that a large amount of the mutant 

prothrombin misfolds, aggregates, and is degraded intracellularly. Additionally, low 

secretion may be indicative of a more involved role of the kringle 1 domain in 

regulating prothrombin secretion as has been previously suggested.178 The 

C138A/Δ15 prothrombin derivative (controlling for the unpaired C138 resulting 

from Δ15) showed a 3-fold reduction in its rate of activation by prothrombinase 

when compared with the wild-type prothrombin. In addition, thrombin generated 

from the C138A/Δ15 variant had a decreased procoagulant function (i.e. 

macromolecular substrates) while maintaining a functional active site as 

demonstrated by the unaltered S-2238 hydrolysis (i.e. small synthetic substrates) 

when compared with wild-type thrombin. Although similar thrombin functionality 

towards S-2238 was expected since the mutations did not involve the protease 

domain of prothrombin (i.e. thrombin), the delineation of substrate specificity 

towards fibrinogen was unexpected. This variation in substrate specificity could be 
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explained by incomplete cleavage leading to an accumulation of a meizothrombin 

intermediate.179 However, we did not observe the associated increase in DAPA-

thrombin fluorescence predicted by increased meizothrombin presence. 

Conversely, our findings propose the potential role of F1.2 in the substrate 

recognition and specificity of thrombin, whereby the disruption of the kringle 1 

domain leads to reduced fibrinogen recognition and/or cleavage by the 

F1.2:thrombin complex. Therefore, our data suggest that F1.2 is more than just a 

peptide fragment that results in product-inhibition of thrombin.180 Overall, the 

compounding reductions in transcription, secretion, activation, and activity shows 

that this genomic deletion results in a severe hypomorph. At the same time our 

data propose a role for the kringle 1 domain in the activation kinetics and 

subsequent substrate recognition of thrombin.  

The ability of zebrafish to survive severe hemostatic imbalance may be due 

to a combination of influences, including the absence of birthing trauma, limited 

hemostatic challenges in an aqueous laboratory environment, a relatively low 

systolic blood pressure, and possible species-specific genetic differences. 

Nevertheless, the phenotypes of all zebrafish hemostatic mutants eventually 

converge with their mammalian counterparts in adulthood. Overall, this study 

further demonstrates the conservation of the coagulation cascade in fish while 

leveraging unique physiologic differences to build our understanding of the 

complex biological functions of thrombin. Furthermore, understanding how fish 

tolerate such a severe bleeding diathesis could provide new insights into managing 

patients with congenital bleeding disorders or acquired hemorrhage, with future 

studies leveraging the model system to develop new diagnostic markers and 

therapies. 
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Figure 2-1. Peptide sequence alignment shows strong conservation of 
prothrombin across a broad range of species. Sequences shown include the 
conserved domains.  
Numbering begins at the first residue after the propeptide according to the 
prothrombin numbering scheme. Sequences are shaded to indicate degree of 
conservation. Green colored residues indicate conserved cysteines. Red colored 
residues represent amino acids altered by mutagenesis (Δ15; C138A) with the 
affected paired cysteines highlight in yellow. Numbers above alignment indicate 
paired cysteines in human prothrombin. 
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Figure 2-2. Direct oral anticoagulants prevent occlusive thrombus formation 
in zebrafish.  
5 dpf larvae were exposed to chemical inhibitors of thrombin (dabigatran) and FXa 
(apixaban, rivaroxaban) for 24 hours. This resulted in the inability to form occlusive 
venous thrombi at 6 dpf in wild-type larvae following laser-mediated endothelial 
injury. 
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Figure 2-3. Genome editing creates a 14 bp genomic deletion with a resulting 
decrease in mRNA expression.  
(A) Alignment of Sanger sequencing with the chromosome 7 genomic region 
showed an overall 17 bp genomic deletion replaced with a 3 bp insertion; outlined 
in red, resulting in a net 14 bp deletion. (B) in situ hybridization demonstrated 
reduction of transcript at 72 and 120 hours post fertilization in homozygous 
mutants compared to control siblings. Spatial regulation remained intact with 
expression restricted primarily to the liver. (C) qPCR data of f2 expression reveals 
significant decrease of 45% in the homozygous mutant embryos. (D) Semi-
quantitative RT-PCR of embryos shows a mutant band ~30 bp smaller than 
expected (later shown to be a 45 bp deletion, Figure 4). Quantitation of the bands 
reveal that the mutant band is only 26% of the total in heterozygotes.  
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Figure 2-4. Single molecule real time sequencing of f2+/Δ14 mRNA 
demonstrates altered splicing in f2 following a deletion in exon 6.  
(top) Sanger sequencing of f2+/+ and f2 Δ14/Δ14 cDNA reveals a canonical splice 
donor but alternative splice acceptor (red dashed lines indicate splice junctions). 
Allelic SNPs in exon 7 allowed the sorting of transcripts by their genomic allele in 
mRNA extracted from heterozygotes. Wild-type transcripts (middle) solely 
demonstrated canonical splicing. Mutant transcripts (bottom) primarily exhibited 
alternative splicing to a cryptic splice site with a resulting 45 bp inframe deletion, 
as well as low frequency canonical splicing with a resulting 14 bp out of frame 
deletion. gDNA, genomic DNA. 
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Figure 2-5. Loss of prothrombin results in early lethality due to hemorrhage. 
(A) Survival curve demonstrating significant mortality by 2 months of age in f2-/- 
siblings, log-rank (Mantel-Cox) analysis. (B) Examples of grossly visible 
intracranial, intramuscular, and fin bleeds (arrows). (C) Histological sections of 
wild-type and f2-/- siblings demonstrated microscopic bleeds in the brain, jaw, 
heart, muscle, and fins. Arrows point to pools of erythrocytes and unaffected 
comparable tissue in the control. 
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Figure 2-6. Loss of thrombin activity results in defects in secondary 
hemostasis.  
(A) Larvae were immobilized in agarose, subjected to laser-mediated endothelial 
injury (green arrow) of the venous (PCV, blue) or arterial (dorsal aorta, red) 
circulation, and followed for 2 minutes by a blinded observer. (B) Genetic ablation 
of f2 resulted in the inability to form induced PCV thrombi at 3 dpf and was not 
influenced by inhibiting fibrinolysis (ɛ-aminocaproic acid treatment, green). (C) 
Overexpression of human F2 cDNA (green) rescued the ability to form thrombi in 
the PCV at 3 dpf. (D) Homozygous mutant larvae demonstrated a significant 
impairment in arterial thrombus formation at 5 and 6 dpf without any changes in 
the time to initial thrombocyte attachment (E). (F) The number of thrombocytes 
attached to the site of injury in 2 minutes was significantly increased at 6 dpf in f2 
homozygous mutants. Statistical significance assessed by Mann-Whitney U 
testing. 
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Figure 2-7. Expression and activation of prothrombin variants and resulting 
activity of thrombin upon activation.  
(A) Measurement of prothrombin in the cell media by ELISA demonstrated that 
expression of prothrombin variants in HEK293T cells resulted in reduced secretion 
levels that were indistinguishable from control and (B) corresponding 
measurement of prothrombin in the cell lysate demonstrated decreased 
biosynthesis. (C) Rates of prothrombin activation by prothrombinase measured 
using DAPA. Once prothrombin variants were fully activated by prothrombinase, 
their ability to cleave synthetic substrate S-2238 (D) or fibrinogen (E) were 
monitored, with significant differences in the latter, but not the former. For both S-
2238 and fibrinogen, the rate was calculated during the initial reaction phase when 
the substrate is non-limiting and the conditions are presumed to be steady-state. 
Rate was then normalized to enzyme concentration. (F) Clotting profile between 
wild-type and C138A/Δ15 demonstrated delayed clot initiation and altered turbidity. 
(G) The rates of clot formation were determined from the clotting profile and 
reduced in the mutant. 
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Table 2-1. Oligonucleotide sequences used in methods 
Primer Description Primer Sequence 

f2 qPCR Forward GAGGAAGCTCGAGAAGTGTTT 

f2 qPCR Reverse CCCTCTGTAGTCGCACATATTC 

f2 qPCR Probe FAM/TGGACAGGG/ZEN/TTGTTCCTTCACAGC/IABkFQ 

actb2 qPCR Forward ATGAAGATCCTGACCGAGAGA 

actb2 qPCR Reverse TCAAAGTCAAGGGCCACATAG 

actb2 qPCR Probe FAM/ACCACCACA/ZEN/GCTGAGAGGGAAATT/IABkFQ 

f2 delta Flanking Forward GAGGAAGCTCGAGAAGTGTTT 

f2 delta Flanking Reverse AAAACACCAAGGGCCATCTTT 

f2 genotyping Forward TGCCTTTAGTGATGTTCCTCTG 

f2 genotyping Reverse CTGACAGTCGGGTCTCTGGT 
f2 SMRT sequencing 
Forward  AGGCTGTGAAGGAACAACC 

f2 SMRT sequencing 
Reverse  CTGATCAGACTGGCTCCAC 

human F2 with vector 
homology Forward TGGCTAGTTAAGCTTGGTACATGGCTCATGTGCGGGGCC 

human F2 with vector 
homology Reverse TTAGGGATAGGCTTACCTTCTCCGAACTGGTCGATCAC 

human F2 Δ45 mutagenesis 
Forward CGAGATCGAGAACCCCGATAGCAGCACCACC 

human F2 Δ45 mutagenesis 
Reverse CGGGGTTCTCGATCTCGGGCTTGTGGGGGT 

human F2 C138A 
mutagenesis Forward GAGACAGGAAGCATCGATCCCCGTCTGCGGCCAGGATCAGG 

human F2 C138A 
mutagenesis Reverse AGACGGGGATCGATGCTTCCTGTCTCCGCACGGTGGGGTCGG 

Antisense Riboprobe + T7 
Forward 

TAATACGACTCACTATAGGGGTGATGATGACCGAGGTGGA 

Antisense Riboprobe 
Reverse 

CCGACTGTCAGGAGGGAGAC 



 

 38 

Chapter III: 
A Bioinformatic Pipeline for Identifying Dominant Mutations in the 

Zebrafish Model Using High Throughput Sequencing 
 

INTRODUCTION 
 

In the early 1990s, zebrafish were firmly established amongst model 

organisms after the successful completion of parallel mutagenic screens by 

Christiane Nüsslein-Volhard and Wolfgang Driever, which identified countless 

developmental mutants.104,181 At the time, identifying the causative genetic 

mutation underlying the phenotypic observations was a painstaking, time-intensive 

process dependent on large numbers of mutant individuals and an incomplete set 

of genetic markers.182-185 With the completion of the zebrafish genome and the 

rapidly declining cost of high-throughput sequencing, many of the limiting factors 

on the phenotype to genotype pathway for monogenic traits have been removed.85 

In fact, pipelines are now available for high resolution mapping of recessive traits 

with as few as 5-20 affected animals.186,187 Unfortunately, there is no automated 

pipeline for the same efficiency when the causative mutations are dominant in 

inheritance. Additionally, zebrafish are still a relatively niche field in the genomics 

space without strong standardization of resources.  

As broadly stated in Chapter 1, the Shavit laboratory previously completed 

a dominant suppressor screen through mutagenesis to rescue lethality of a 

prothrombotic phenotype. N-ethyl-N-nitrosourea (ENU) was used at a 

concentration that has previously shown to induce approximately 30 deleterious 

mutations per sperm, and enough fish were raised to achieve an estimated 

genomic coverage of 1.5x. From that screen, four separate lines transmitting 

protective mutations were identified; referred to as frost, Q, L and F. More recently, 

a second mutagenesis experiment was performed. Although the details of the 
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second mutagenesis are not relevant for this study, it provides a dataset for 

validating the mutagenic efficiency of ENU. This current study aims to lay out a 

framework for processing high throughput genomic sequence from zebrafish with 

the goal of identifying ENU mutations and secondary genetic markers and using 

these for genetically mapping dominant traits. 

 

Fundamentals of positional cloning 
 The premise of positional cloning is to identify and isolate the DNA 

sequence of a disease-causing gene. This traditionally relied on performing linkage 

analysis using known genetic markers to define a small region of the genome that 

associated with the phenotype of interest.188  

As an example, the striped pattern of zebrafish at the leo locus on 

chromosome 1 is a well-known dominant phenotype (leo+/+ or leo+/-) to the naturally 

occurring spotted pattern (leo-/-).189 If 100 offspring were produced from a leo+/- and 

leo-/- mating pair, 50 offspring would be striped and 50 spotted. A heterozygous 

marker on an unlinked chromosome in the striped parent would be present in 

roughly 25 fish in each of the striped and spotted populations. In contrast, a linked 

genetic polymorphism in cis with the leo locus on chromosome 1 would be present 

at a higher rate in the striped population than the spotted population. The 

frequency of the polymorphism in the striped population would increase the closer 

the marker is to the leo locus to a maximum of 100% for a marker within the leo 

locus.  

With a population of 50 striped fish, the ability to narrow down the 

chromosomal location is related to the meiotic recombination rate surrounding that 

location. Performing 10,000 simulations of a hypothetical 122 cM long 

chromosome (the approximate length of chromosome 1) with 1 recombination 

event per chromosome per meiosis and 2 markers per cM predicts that with 50 

informative individuals the region of interest would be on average 5.3 cM with a 

standard deviation of 3.3 cM. In zebrafish, an average centimorgan (cM) is around 

700,000 bp which means the previous example narrows the interval on average to 

3.7 Mbp.185 This simulation comes with many caveats and is meant to illustrate 
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that the target region is quite large and could still potentially contain dozens of 

genes. 

Classically, once the region of interest is defined, cDNA sequences would 

be isolated and potential mutations identified. These various mutations would then 

be tested functionally for phenotypic effects. This study proposes using high-

throughput sequencing to identify high-density genomic markers, calculate 

conserved areas and predict causal mutations from published annotations.  

 
Reference genome 
 Sequencing of the first zebrafish reference genome began at the Sanger 

Institute in 2001 (https://www.sanger.ac.uk/data/zebrafish-genome-project/). This 

project culminated with the release of Zv9 in 2010 and subsequent publication.85 

Maintenance of the genome was then transferred to the Genome Reference 

Consortium which has released two updates. GRCz10/danRer10 was released in 

2014 and the latest version, GRCz11/danRer11 was released in 2017 

(https://www.ncbi.nlm.nih.gov/grc). GRCz11 brought continued consolidation of 

previously unmapped scaffolds with an overall placed scaffold length of 

1,345,101,833 bp on 25 chromosomes. Additionally, GRCz11 is the first non-

human genome release to incorporate alternate loci scaffolds for the 

representation of variant sequences (Genbank: 4482478). The use of alternate 

scaffolds during alignment190 can help to reduce the false positives that result from 

the large genetic heterogeneity of zebrafish strains.191,192 For this reason, we 

decided to base all work in this study on the GRCz11 reference. 

 
Known genetic variability 
 Few databases exist for known genetic variability in zebrafish. The largest 

dataset is the dbSNP database hosted by Ensembl.87 Unfortunately, the dbSNP 

dataset is not curated. Furthermore, following the release of version 150, it was 

determined that dbSNP would no longer be updated for non-human species. 

However, dbSNP v150 is useful as a starting point. In addition to the dbSNP, an 

NIH hosted dataset referred to as SNPFisher also provides a variety of known 

variation across several zebrafish lines.193 However, SNPFisher is based on a 
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small sample size and is only available for Zv9. Using a bootstrapping strategy, 

this work aims to develop a high-quality reference set of variation for future 

analysis. 

 
METHODS 

 

Computational resources 
 Processing for the fastq to vcf pipeline was done on the Great Lakes High 

Performance Computing (HPC) cluster at the University of Michigan. All jobs were 

processed on standard nodes featuring Intel Xeon Gold 6154 processors with 36 

cores and 180 GB requestable RAM per node. Reference files were maintained 

on user specific HPC home directories. Large files were manipulated on local 

server scratch space. Permanent large files were maintained on the high capacity 

“Turbo Research Storage” infrastructure at the University of Michigan. Variant 

annotation and small-scale file manipulation were performed locally on a Dell 

Optiplex 780 running Ubuntu 16.04 LTS. 

 

Software Packages 
 Standard packages were selected to be consistent with the Broad Institute’s 

Genomic Analysis Toolkit (GATK) Best Practices194 Alignment was done using the 

burrow-wheelers aligner (bwa v0.7.15; bwa-mem algorithm) and converted to the 

bam file format using samtools (v1.9; view tool).195,196 Optical duplicates were 

identified and marked using the GATK (v4.1.0.0) tool MarkDuplicatesSpark which 

also coordinate sorts the output. Notably, MarkDuplicateSparks is a Spark 

implementation for multi-core parallel processing with processing time 

improvements that scale linearly to 16 local cores. For this reason, major portions 

of this pipeline were optimized to run on 16 cores. Base qualities were recalibrated 

using the GATK(v4.1.0.0) tools BQSR and ApplyBQSR. Variants were called using 

a two-phase approach with the GATK (v4.1.0.0) tools HaplotypeCaller and 

GenotypeGVCFs. Additional tools included GATK(v4.1.0.0) SelectVariants, 

SnpSift, SnpEff, Picard(v2.8.1) mergeVCFs, and VariantEffectPredictor (VEP).197 
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Reference data sets 
 The reference genome utilized was danRer11 acquired from the University 

of California – Santa Cruz repository (UCSC; https://genome.ucsc.edu) and 

indexed using bwa. A custom alternate loci index (*.alt) was generated to make 

use of the bwa mem alternate contig aware alignment feature. dbSNP (v150) was 

acquired from Ensembl and used as a low-quality set of reference SNPs (single-

nucleotide polymorphisms). Gene annotations were additionally acquired from 

Ensembl. A custom set of regions was defined for analysis based on the following 

parameters: defined as a gene within Ensembl minus regions marked as repeats 

> 500 bp by RepeatMasker plus any region defined as an exon by Ensembl.198 

This was done to minimize the processing time spent on the computationally 

intensive repeat regions and on the uninformative intergenic regions with a high 

false positive rate and low testability rate. These regions were divided into 16 

roughly equal sets of nonoverlapping intervals for subsequent parallel processing. 

The total area of the intervals is 650,565,514 bp. 

 

ENU Mutagenesis Protocol 
 Fish were maintained and chemically treated in accordance with a protocol 

approved by the University of Michigan Animal Care and Use Committee. Briefly, 

ENU was resuspended in 10 mM acetic acid to a concentration of 85.5 mM and 

diluted in 10mM sodium phosphate buffer to a final concertation of 3.3 mM. Male 

fish were treated for 1 hour in 500 mL of solution. Fish were allowed to recover for 

1 hour in phosphate buffer and then transferred to fish water with tricaine for 

another hour followed by a final 3-hour wash in fish water and tricaine. Fish were 

then transferred to clean fish water and left undisturbed overnight. This procedure 

was repeated for 3 cycles with 1 week of rest between periods with breeding 

beginning 1 week after the final treatment. ENU solutions were inactivated post 

treatment with a sodium thiosulfate solution. 
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Experimental data sets 
 Tail DNA was extracted from 85 adult zebrafish and purified using the 

Qiagen DNeasy Kit. The purified DNA was sent to the University of Michigan 

Sequencing Core or Novogene for library preparation and sequencing on the 

Illumina short read platform. 

 

Pipeline 
Alignment: 

bwa mem -t 16 -R “@RG\\tID:${samplename}\\tPL:Illumina\\tSM: 
${samplename}\\tPU:${flowcell}” \ 
~/REFERENCE/danRer11.fa \ 
${samplename}.PE1.fastq.gz ${samplename}.PE2.fastq.gz \ 
|samtools view -hb - -o ~/BAM/${samplename}.bam 

 
Duplicate Marking: 

gatk --java -options “-DsamJdk.compression_level=5” 
MarkDuplicatesSpark \ 
-I ~/BAM/${samplename}.bam \ 
-O ~/BAM/${samplename}.mark.bam \ 
-OBI false 

 
samtools index ~/BAM/${samplename}.mark.bam 
 

Base Recalibration: 

gatk --java-options “Xmx4g” BaseRecalibrator \ 
-R ~/REFERENCE/danRer11.fa \ 
-I ~/BAM/${samplename}.mark.bam \ 
-L ~/INTERVALS/total.intervals \ 
-O ~/BASE_RECALIBRATION/${samplename}.table \ 
--known-sites ~/REFERENCE/VARIANTS/Shavit_HQ_SNP.vcf.gz \ 
--known-sites ~/REFERENCE/VARIANTS/Shavit_HQ_INDEL.vcf.gz 

 
gatk --java-options “Xmx4g” ApplyBQSR \ 

-R ~/REFERENCE/danRer11.fa \ 
-I ~/BAM/${samplename}.mark.bam \ 
--bqsr-recal-file ~/BASE_RECALIBRATION/${samplename}.table \ 
-O ~/BAM/${samplename}.recal.bam 

 
 
Variant Calling: 

The following command is run once per interval file (16) in parallel: 
gatk --java-options “Xmx4g” HaplotypeCaller \ 

-R ~/REFERENCE/danRer11.fa \ 
-I ~/BAM/${samplename}.recal.bam \ 
-O ~/GVCF/${samplename}/${samplename}.interval_$.g.vcf.gz \ 
-ERC GVCF \ 
-L ~/INTERVALS/interval_$_scattered.intervals \ 
--native-pair-hmm-threads 1 \ 
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-new qual 
 

The following command is run to merge the 16 generated files: 
java -jar ~/JAVA/picard.jar MergeVcfs \ 

I=~/GVCF/${samplename}/${samplename}.interval_1.g.vcf.gz \ 
... 
I=~/GVCF/${samplename}/${samplename}.interval_16.g.vcf.gz \ 
O=~/GVCF/${samplename}.g.vcf.gz \ 
D=~/REFERENCE/danRer11.dict 
 

The following commands are run once per chromosome after a gvcf file has been 

generated for all samples: 
gatk --java-options “Xmx16g” GenomicsDBImport \ 

--genomicsdb-workspace-path ~/GenomicsDB/chr$/database \ 
--sample-name-map ${List_of_all_GVCF_files} \ 
-L chr$ 
--reader-threads 4 
 

gatk --java-options “-Xmx16g” GenotypeGVCFs \ 
-R ~/REFERENCE/danRer11.fa \ 
-V gendb://~/GenomicsDB/chr$/database \ 
-O ~/VCF/danRer11_chr$.vcf.gz \ 

 -new-qual 
 

The following command is run once to merge all chromosomes into one file: 
java -jar ~/JAVA/picard.jar MergeVcfs \ 

I=~/VCF/danRer11_chr1.vcf.gz \ 
... 
I=~/VCF/danRer11_chr25.vcf.gz \ 
O=~/VCF/danRer11_final.vcf.gz \ 
D=~/REFERENCE/danRer11.dict 

 
 

Commands were submitted to the Great Lakes cluster using  the slurm 

workload manager job scheduler, or slurm for short (https://slurm.schedmd.com), 

as outlined in Figure 3-1.  Alignment and duplicate marking were accomplished 

with 1 script requesting 16 cores. A second script accomplished the base 

recalibration using 1 core. A third script was used for intermediate variant calling 

on 16 cores. Following the processing of each sample through the first 3 scripts, a 

fourth script requesting 4 cores was run once per chromosome to complete final 

variant calling and genotyping. The per chromosome files were merged using a 

final single-core script. The first 3 scripts can be merged into 1 script with no 

change in results; however, the single core nature of the base recalibration 

significantly decreases the computational resource utilization efficiency.  



 

 45 

 

Identification and bootstrapping of high-quality variants 
 A high-quality variant set is required for the proper recalibration of aligned 

base pairs. The dbSNP database is uncurated and thus does not meet the required 

standard. To resolve this conflict, a bootstrapping approach was required. Briefly, 

the data processing pipeline was run without the base quality score recalibration 

step. Variants that were seen in at least 3 samples were divided into 2 subsets 

based on whether or not they were also seen in the dbSNP database. Variants 

that were not seen in the dbSNP database were further evaluated to exclude 

variants that were only seen in 1 mutagenized family. A hard filter was applied to 

single-nucleotide variants (SNVs) and INDELs based on prior Broad Institute 

recommendations with 1 minor change:  SNVs were excluded if any of the 

conditions were not met: QualByDepth (QD) > 2.0, FisherStrand (FS) < 60.0, 

RMSMappingQuality (MQ) > 40.0, MappingQualityRankSumTest (MQRankSum) 

> -12.5, ReadPosRankSum > -8.0. QualByDepth was increased to 10.0 for the 

SNV set not present in the dbSNP database based on the hard filter optimization 

suggestions. For INDEL variants the following thresholds were required: 

QualByDepth (QD) > 2.0, FisherStrand (FS) < 200.0, ReadPosRankSum > -20.0. 

Once again, the QD metric was raised to 10.0 for variants not present in the dbSNP 

database. These “round 1” high quality variants were then used to recalibrate base 

scores of the initial BAM files and the pipeline was run a second time. After the 

second run, variants were filtered with the standard hard filter recommendations 

and final sets of high-quality variants were generated, Shavit_HQ_SNP.vcf.gz, and 

Shavit_HQ_INDEL.vcf.gz. The original BAM files were recalibrated using this set 

of variants and the pipeline was run a final time to generate a final variant call set 

for further analysis. 

 

Variant annotation and manipulation 
 Four tools were used for the manipulation of the final VCF file. GATK 

SelectVariants was used to both apply hard filters to the data set and to subset the 

dataset by sample, variant type or location.194 SnpSift was used to manipulate 
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variants at a finer scale than GATK.197 The snpEff tool was used to annotate 

variants by their effect on coding sequences.199 Variant Effect Predictor (VEP) was 

used to annotate missense mutations with SIFT scores.200,201 

 
RESULTS 

 

Zebrafish exhibit high genetic heterogeneity 
 The 85 fish sequenced came from multiple generations but were primarily 

derived from the at3 knockout background maintained as an open colony by 

outcross to hybrid AB x TL wild-type fish. Six fish came from a f5 knockout 

background. Focusing only on SNVs, 16,657,177 sites of variation were found after 

filtration. The absolute number of transitions in each fish ranged from 5,441,112 to 

6,857,548 and transversions ranged from 4,822,582 to 6,094,830 (not controlled 

for coverage). This yielded a Ti/Tv ratio from 1.125 to 1.132 which is consistent 

with previously published ratios for zebrafish.202  

 

The baseline ENU mutation rate is roughly 8 per 1x106 bp 
 To calculate the rate of transmitted ENU mutations, a mutagenized male 

was crossed to a control female and 4 offspring were raised to adulthood. These 

6 fish were sequenced as part of the total set. Filters were applied to remove any 

SNVs present in dbSNP v150 or in-house non-mutagenized controls. ENU-

induced variants were identified as SNVs that met the following 3 conditions: the 

parents were wild-type, the parental depth of coverage was 14 or greater, and only 

1 of the offspring carried the variant. In total 21,244 variants were identified across 

the 4 offspring for an average of 5,311 variants per individual. With a total region 

of ~650 Mbp, the mutation rate is roughly 1 per 122,493 bp. This is approximately 

8-fold higher than the expected rate; however, the predominance of transitions and 

AóT transversions is consistent with previously published ENU mutation 

distribution (Fig. 3-2).203,204  

 When considering exonic mutations, there were 1265 SNVs of which 472 

are predicted as synonymous. Of the remaining mutations, there were an average 
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of 8.5 nonsense mutations, 0.5 lost start codons, 0.66 stop lost, and 4.5 splice site 

mutations per fish. Additionally, there were another 770 missense mutations found 

across the 4 offspring. Of these, 234 occurred in unflagged Ensembl transcripts 

and had predicted deleterious SIFT scores (<0.05). Overall, this suggests 

approximately 73 predicted deleterious mutations per gamete.  

 Given the higher than expected rate of mutation, a separate control set of 

12 offspring from non-mutagenized parents was processed through an identical 

protocol. This revealed 25,900 mutations with 2,362 being in the coding region and 

774 being non-synonymous. This is 3-fold lower per fish than the ENU samples 

but much higher than expected for de novo mutations. This unexpected mutation 

rate indicates false positives resulting from technical artifacts.205  

 

High throughput sequencing facilitates the mapping of a known modifier 
 Two at3-/- fish from the Q lineage fifth generation were generated carrying 

a known loss of function deletion in f2 with the goal of identifying a possible synergy 

in survival benefit. Eleven at3-/- offspring living longer than 1 year were identified 

from these fish and the 4 parents (2 Q line and 2 control) had their whole genome 

sequenced. SNVs were filtered for those that were wild-type in the control parents 

and heterozygous in the Q line parents. Additionally, only SNs with coverage of 10 

or more in the control parents were used to minimize missed calls. This subset 

was considered mappable markers and contained 257,974 SNPs. 

 To minimize false negatives, only 70,792 SNVs with a minimum depth of 

coverage of 6 in all samples were considered. Each chromosome had at least 285 

SNVs with chromosome 6 having over 10,000 SNVs. For each SNV, the number 

of heterozygous offspring (out of 11) was calculated. These were then graphed by 

chromosome. The majority of highly shared SNVs (shared in 10 or more fish) 

appeared on chromosomes 2, 7 and to a lesser extent 16 (Fig. 3-3).  

 A frequency histogram of these highly shared SNVs by chromosome 

position demonstrates improved spatial resolution. Chromosome 2 contains a 

large shared peak from 10-24 Mbp. Chromosome 16 has a smaller peak near the 

5’ end of the chromosome. Finally, as a proof of principle, chromosome 7 
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demonstrates a conserved peak from 24-45 Mbp. The gap in the middle is 

consistent with the low genetic diversity surrounding centromeres precluding the 

existence of informative genetic markers. This peak is notable because it confirms 

the known survival advantage provided by the introduced f2 mutation and validates 

the success of mapping (Fig. 3-4). The presence of the f2 deletion was confirmed 

via PCR in all 10 of the predicted carriers from the whole-genome data. 

 Surprisingly, when the mappable variants were filtered against the dbSNP 

database and in-house controls, no unique mutations were found on chromosome 

2 or 16. This suggests that the enriched regions were either a result of coincidence 

or a selective pressure for a background variant or haplotype.  

 

DISCUSSION 
  

Improvements in whole genome sequencing have revolutionized biology. 

Consistent application of these advancements to new model systems is crucial for 

building a foundation for future studies. This study lays out a framework for the 

efficient data processing of zebrafish short-read genomic sequencing using the 

newest reference genome, GRCz11. This study describes a computational 

pipeline using readily available software, establishes a functional set of reference 

files and provides a proof of functionality. 

 Although not discussed, the depth of sequencing coverage is a critical value 

for successful experiments. The sequencing of individuals here ranged from 5x 

coverage to 35x average coverage. Using an earlier version of the pipeline, we 

saw that although average coverage did vary across the genome, this variation 

scaled with coverage across samples, e.g. areas with 3x average coverage in 10x 

mean coverage samples had roughly 6x average coverage in the 20x mean 

coverage samples. We therefore determined that future studies would utilize 20x 

coverage for high-depth samples and 10x coverage for mapping data. 

 A second area not covered is the application of alternate contigs. The 

representation of alternate haplotypes is an area of active research in the 

genomics field. Currently, only the bwa aligner is able to make use of the alternate 
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contigs that exist for the human and zebrafish genomes.190 This has been shown 

to help in the ultimate accuracy of the called SNVs; however, analyzing variants 

on alternate contigs is still not streamlined. For this reason, it is important to 

remember the possibility of variants on alternate contigs even if they are not a part 

of the primary analysis.  

 Traditionally, work to identify ENU mutation rates relied on test crosses and 

highly visible phenotypes. The ratios from these studies have proven fairly 

consistent. In zebrafish, the ENU protocol has been optimized to induce a 0.5-2 

mutations per 1 million base pairs and 30 loss of function mutations per gamete. 

Our sequencing work finds a rate 4 to 16-fold higher. When looking only at exonic 

regions, this rate dropped significantly with ~200 nonsynonymous mutations found 

per fish across an estimated 90 Mbp exome. This suggests that non-coding 

regions are either more susceptible to the effects of ENU or more susceptible to 

false positive sequencing artifacts. Interestingly, the characteristics of the induced 

mutations are remarkably consistent with the previously described ENU profile in 

mice, validating the reliability of this work.203,204 Surprisingly, the de novo mutation 

rate was higher than the ratio expected of 2-3 variants per exome but consistent 

with recent work in which manual validation of variants revealed a majority of de 

novo variants were false positives.205 This does point to an unidentified source of 

artifacts such as miscalling due to repeat regions, segmental duplications or errors 

around insertion/deletion sites. Controlling for the unmutagenized de novo rate 

indicates the actual ENU mutation rate is likely around 30% lower than the 

sequence-based prediction. When subsetting for predicted deleterious mutants 

and factoring in the overestimation bias, the rate of 73/gamete is comparable to 

the 30 expected mutants in mice with a smaller exome. 

 Introducing a known beneficial mutation into the mutagenized background 

provided an internal control for genetic mapping. As expected, we were able to 

identify the f2 locus, while establishing several guidelines. Although complete At3 

deficiency generally leads to lethality by 7 months of age, several generations of 

selection have possibly improved baseline survival. Due to this, we extended our 

selection age to 1 year and still believe we have an observable stochastic survival 
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rate. Therefore, for this and future studies, we assume a conservatively high rate 

of false positive survivors. In this work, this was done by looking at SNVs 

conserved in 10 or 11 fish but also by tracking SNVs present in 8 and 9 fish. 

Dropping the threshold also afforded the inclusion of SNVs lost in some samples 

due to low coverage. 

 The lack of an identifiable ENU induced mutant in the Q line mapping 

regions could be due to multiple reasons. First, as stated, the chromosome 2 and 

16 peaks may be coincidental. It’s possible that the selective benefit of the f2 locus 

removed the selective pressure on additional loci. Second, the other peaks may 

include naturally beneficial background mutations that will not be identified as 

novel. This does make identification more difficult but not less informative. Notably, 

the chromosome 2 peak surrounds the TFb locus that has been shown to offer 

some protection against At3 deficiency (Chapter 5). Finally, the true mutation may 

be obscured due to technical limitations. As suggested, the true mutation could be 

on an alternate contig that has not been properly analyzed. Conversely, the 

mutation may be on the reference scaffold, but filtered out due to low coverage. 

Finally, we focused on coding mutants and, more broadly, known genes. 

Unannotated genes and noncoding mutations may explain the survival benefit but 

would require additional studies to identify and validate. 

 Whole genome sequencing has provided incredible advances in the 

identification of disease-causing mutations. By applying the technology to model 

organisms, it has streamlined the labor-intensive work of forward genetics. As 

zebrafish are the most accessible vertebrate model for high coverage screens and 

dominant mutations are often more representation of multigenic disease traits, it 

seems obvious to create a modern standardized framework. This study 

demonstrates a state-of-the-art pipeline for zebrafish genomics, establishes 

necessary reference files and validates the application to mutagenesis and genetic 

mapping. We believe this will greatly benefit the zebrafish community by increasing 

the accessibility of the zebrafish genome. 
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Figure 3-1 Workflow diagram for the processing of zebrafish samples for 
high-throughput sequencing.  
Beginning with tail biopsies, 2 samples are processed in parallel through the first 
3 Slurm scripts. Slurm script 4 aggregates all samples and joint genotypes them 
by chromosome, resulting in 25 intermediate files. These 25 files are optionally 
merged with script 5 and further analyzed with a series of tools. The reference files 
listed at the bottom are used throughput the workflow as indicated. VCF merging 
can optionally use a sequence dictionary not listed.  
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Figure 3-2. ENU mutagenesis creates a robust increase in SNVs in the 
offspring of chemically-treated males.  
(Top) Total interval and (Bottom) exonic subset both demonstrate a drastic 
increase in the raw number of SNVs per fish. There is a predominance for all 
transitions (A>G, G>A, C>T, T>C) and A>T and T>A transversions. In contrast, 
C>G and G>C transversions are not substantially different than the baseline 
mutation rate.  
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Figure 3-3. Variant sites identified from high-throughput sequencing provide 
evidence of positively selected loci on chromosomes 2,7 and 16.  
70,792 informative SNVs identified as heterozygous in a carrier parent and wild-
type in the breeding partner were tracked in 11 offspring. The raw number of SNVs 
shared by ³10, 9, 8 or ≤7 fish were plotted by chromosome. Chromosomes were 
separated into High, Medium and Low groups based on the absolute number of 
informative variants per chromosomes. The vast majority of highly shared SNVs 
clustered onto chromosome 2, 7 and to a lesser extent 16. 
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Figure 3-4. SNV 
distribution across 
chromosomes confirms a 
known modifier gene and 
identifies candidate loci for 
future analysis.  
Based on the positive hits on 
chromosomes 2, 7 and 16, 
frequency histograms along 
the length of the 
chromosomes were 
generated. SNVs occurring in 
8, 9 or 10 offspring were 
aggregated into bins of 2 Mbp 
(chromosomes 2 and 7) or 5 
Mbp (chromosome 16) and 
absolute counts were plotted 
by the center position of the 
bin. The majority of SNVs 
sequestered into a 16 Mbp 
region on chromosome 2, a 
25 Mbp region on 
chromosome 7 and at the 5’ 
end of chromosome 16. 
Notably, chromosome 7 lacks 
informative markers from 30-
36 Mbp consistent with a low 
diversity centromere. The 
location of the known 
modifier, f2, is indicated in 
orange on the chromosome 7 
map. 
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Chapter IV: 
Dissecting Genetic Modifiers of a Sensitized Zebrafish Model of 

Thrombosis 
Note: Chapter 4 is being prepared for submission as a regular article (Authors: 
Steven J. Grzegorski, Yang Liu, Catherine Richter, Hasam Madarati, Alexander P. 
Friedmann, Deepak Paul Y. Kim, Colin A. Kretz, and Jordan A. Shavit). 

 

INTRODUCTION 
 

 Venous thromboembolism (VTE) is a disease process defined by the 

formation of blood clots in deep veins and potential subsequent embolization to 

the pulmonary vasculature that is estimated to cause 60,000-100,000 American 

deaths per year.27,28 Antithrombin III (AT3) is the primary endogenous inhibitor of 

coagulation, but due to unknown genetic modifiers, deficiency leads to a highly 

variable lifetime risk of VTE with estimates ranging from 20-80%.49,50  

 The pathology of VTE centers around disruption of the normal processes 

underlying hemostasis including formation, stabilization and dissolution of blood 

clots at sites of vascular injury. Under physiologic conditions, vascular injury results 

in the activation of the common pathway of coagulation.4 Briefly, the serine 

protease factor Xa (FXa) along with the cofactor factor Va (FVa) converts the 

zymogen prothrombin (F2) to the protease thrombin. The now active protease 

cleaves soluble fibrinogen to insoluble fibrin strands, which stabilize clots to 

minimize blood loss at the site of injury. Following resolution of the injury, the 

fibrinolytic system facilitates the breakdown of these clots through proteolytic 

degradation mediated by the enzyme plasmin.  

 At each step, environmental and genetic factors contribute to the risk of 

thrombosis. Genetically, increased procoagulant activity (F2 20210G-A, FV Leiden 

(R506Q)) or decreased anticoagulant activity (AT3 deficiency, protein C 
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deficiency, and protein S deficiency) can lead to ectopic and/or excess clot 

formation resulting in intravascular thrombus formation with the risk of subsequent 

embolization.30,33,206 From the resolution perspective, plasminogen (PLG) 

deficiency in both humans and mice has been associated with recurrent thrombotic 

lesions.207 Clinically, catheter-directed thrombolysis through upstream activation of 

PLG leads to improved outcomes in some patient populations, but is associated 

with an increased risk of bleeding.208  

 This entire process occurs in the complicated milieu that is blood and is 

modified by dozens of known and likely unknown factors. The complex genetic and 

environmental landscape that modifies VTE risk necessitates a high throughput 

model for characterizing expected multigenic interactions and for identifying novel 

modifiers.127  

 Zebrafish are an established model for studying the basic science of 

hemostasis and thrombosis with a high degree of conservation of the coagulation 

cascade.69,91 Previous work demonstrated a conserved physiologic role of AT3 in 

zebrafish through genome editing.75 Complete deficiency leads to both a 

consumptive coagulopathy with spontaneous venous thrombosis in embryos and 

early mortality due to intracardiac thrombi in adults. This clot burden results in 90% 

lethality by 7 months of age. With a strong history of forward genetics and a rapidly 

developing toolkit of reverse genetic technology, the zebrafish offers an excellent 

in vivo test tube for interrogating complex modifiers of thrombosis. 

 Using the at3-/- thrombophilic zebrafish strain, we pursued a two-pronged 

approach to understanding thrombotic modifiers. We first utilized genome editing 

technology to knock out suspected modifiers that might enhance or exacerbate 

survival. We then utilized a non-biased classical mutagenesis protocol to isolate 

new contributors. In the process we improved our understanding of thrombin 

biology, uncovered an unexpected risk mitigator, and identified candidate 

suppressor loci independent of known coagulation factors.  
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METHODS 
 

Animal Care 
Zebrafish were maintained according to protocols approved by the 

University of Michigan Animal Care and Use Committee. All wild-type fish were a 

hybrid line generated by crossing AB and TL fish acquired from the Zebrafish 

International Resource Center. Tris-buffered tricaine methanosulfate (Western 

Chemical) was used for anesthesia during all live animal experimental 

manipulation and for euthanasia. Knockout backgrounds of at3, f2 (Δ14) and f10 

were previously described.74,75,209 

 
Targeted mutagenesis using genome engineering 

Mutagenesis was performed as described previously.77 Briefly reviewed, 

the plg coding sequence was identified in the zebrafish reference genome (Gene 

ID: 322691).85 A CRISPR/Cas9 target site was selected in exon 5 (GGGAGTAC 

TGCAATATTG AG) using the ZiFit Targeter program (http://zifit.partners.org).210 

The targeting sequence was synthesized (Integrated  DNA Techonologies, 

Coralville, IA) and inserted into the linearized pDR274 vector.211 The sgRNA was 

transcribed and purified from this template and 12.5 ng were coinjected with 300 

ng of Cas9 mRNA into embryos at the 1-cell stage. Chimeric founders were raised 

from injected single-cell embryos. The offspring of these founders were screened, 

and a frameshift allele was identified in a first-generation offspring (plg+/-). This 

heterozygous fish was outcrossed to establish this knockout line. 

 

Genotyping of mutant offspring 
As described in chapter 2, whole embryos or adult fin biopsies were lysed 

in buffer (10 mM Tris-HCl, pH 8.0, 2 mM EDTA, 2% Triton X-100, 100 µg/mL 

proteinase K) for 2 hours at 55°C followed by incubation at 95°C for 5 minutes. 

One microliter of the resulting solution was used as template for gene specific 

polymerase chain reaction (Table 4-1) and analyzed by gel electrophoresis. For 

frost genotyping, the amplified product was digested for 1 hour with ApaLI prior to 
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electrophoresis. Additionally, an rhAmp Assay (IDT) was designed to rapidly 

genotype for the frost f2 variant (Design ID: CD.GT.RQFP5275.2).  

 

High-throughput sequencing 
 Tail DNA was extracted from adult zebrafish and purified using the Qiagen 

DNeasy Kit. The purified DNA was sent to the University of Michigan Sequencing 

Core or Novogene for library preparation and sequencing on the Illumina short 

read platform or sent to Otogenetics for whole exome capture and subsequent 

library preparation and Illumina short read sequencing. Exome data were aligned 

to the GRCz10 reference genome while whole genome data were aligned to 

GRCz11. Variants were called using the protocol outlined in Chapter 3. 

 

Laser-induced endothelial injury 
 Laser injury was performed as previously described in Chapter 2. Briefly, 

larvae were mounted in 0.8% low melt agarose and placed on an Olympus IX73 

with attached Andor Micropoint pulsed-dye laser. 99 pulses were administered to 

the ventral surface of the posterior cardinal vein 5 somites caudal to the animal 

pore at 3 dpf. At 2 minutes, larvae were checked for formation of an occlusive 

thrombus and scored by a blinded observer. Larvae were subsequently extracted 

from agarose for genotyping. 

 

Human prothrombin protein expression and isolation 
 The previously published human F2 expression vector was altered using 

site directed mutagenesis to create the homologous C507F mutation or a cysteine 

to alanine mutation at the partner residue C493 (Table 4-1). Vectors were then 

expressed in HEK293T cells and the protein purified as previously described in 

Chapter 2. 

 
Prothrombin activation and activity 
 Assays on prothrombin were done as previously described in Chapter 2. 

Purified prothrombin was activated using FXa and quantified by formation of 
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DAPA-thrombin complexes. Thrombin activity was assayed using the substrates 

S-2238 and fibrinogen to check for active site presence and macromolecular 

substrate recognition, respectively. 

 

Statistical Analysis 
The occlusion data were analyzed using Mann-Whitney U testing. Protein 

expression and activity levels were compared using a two-tailed Student t test. 

Survival was evaluated by log-rank (Mantel-Cox) testing. Significance testing, 

graphs, and survival curves were made using GraphPad Prism (Graphpad 

Software, La Jolla, California). P-values (p<0.05 or p<0.0001) were used to 

evaluate statistical significance. 

 

RESULTS 
 

Genetic insufficiency of common pathway factors rescues antithrombin 
deficiency 

Complete genetic deficiency of f2 or f10 in zebrafish has previously been 

shown to result in lethality by 3 months of age due to hemorrhage. These genetic 

knockouts were bred separately to the At3-deficient strain to assess whether 

attenuation of the common pathway would improve thrombosis-induced lethality. 

When the fish were genotyped at two months of age, heterozygosity for f2 but not 

f10 provided a significant protective effect versus wild-type in at3-/- fish (Figure 4-

1A). Survival of these fish was tracked for 450 days, and both f2+/- and f10+/- 

demonstrated greater survival than the corresponding wild-type and homozygous 

siblings (Figure 4-1B-C). This supports that partial common pathway deficiency is 

able to improve survival in a prothrombotic background. 

  

Plasminogen deficiency relieves consequences of a consumptive 
coagulopathy 

Although at3-/- adults are believed to succumb primarily due to thrombosis, 

there is a potential risk of bleeding due to the previously published 
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hypofibrinogenemia in the first week of life. To interrogate the hemodynamic 

balance, plg was genetically ablated in the at3 deficient zebrafish background 

using CRISPR-mediated genome engineering. At 2 months of age amongst at3-/- 

animals, a significant decrease of plg-/- animals was seen relative to plg+/- and plg+/+ 

(Figure 4-1A). When tracked for survival, at3-/-;plg+/- fish have a modest survival 

advantage compared to at3-/-;plg+/+ fish (Figure 4-1D). Both live significantly longer 

than at3-/-;plg-/- fish, demonstrating a compounding effect of loss of fibrinolysis. 

Complete plg deficiency on its own does not alter survival (data not shown). 

 

frost, a novel f2 mutation, is a substitution of a highly conserved cysteine 
residue 

Chemical mutagenesis of at3+/- males and subsequent breeding to at3+/- 

females yielded 4030 surviving offspring at the age of genotyping (2-5 months). Of 

these there were 1248 at3+/+, 2516 at3+/-, and 266 at3-/-. Based on the work in 

chapter III, the ENU mutagenesis procedure is projected to yield 50-70 coding 

mutations per spermatogonia. With a Mendelian expectation of an initial ~1250 at3-

/- offspring, the screen is calculated to have achieved 2.4-3.3x coverage of the 

genome. 53 of the homozygotes survived to 7 months, 23 were able to produce 

offspring and 4 lines stably transmitted a survival benefit and established 

permanent lines (Figure 4-2). The most promising line, frost, was further 

characterized by performing whole-genome sequencing on a single breeding pair 

and 3 adult offspring. An initial candidate-based approach found 1 missense 

mutation in a known clotting factor gene resulting in a cysteine to phenylalanine 

substitution at the highly conserved residue 505 (based on the prothrombin 

numbering scheme with numbering beginning after the propeptide) of prothrombin 

(Figure 4-3).  

 

Survival benefit of prothrombin deficiency is recapitulated by frost 
An initial pool of 47 at3-/- fish greater than 2 years of age from the frost 

lineage were genotyped for the prothrombin C504F allele and 45 were found to be 

carriers. A separate group of fish were genotyped at 2 months and followed for 
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survival. This group again demonstrated a survival advantage when carrying the 

C504F allele (Figure 4-4A).  

 

frost rescues embryonic consumption in a time dependent manner 
To further confirm the loss of procoagulant function, larvae were generated 

from at3+/-; f2+/C504F and at3+/+; f2 +/Δ14 parents and assayed using a laser-induced 

endothelial injury model at 3 dpf. f2 C504F/Δ14 larvae were unable to form occlusive 

thrombi regardless of at3 genotype (0/4 occluded vs 31/31 control). Knowing that 

at3-/- larvae are unable to form occlusive clots due to a consumptive coagulopathy, 

clot formation was assayed in an incross of at3+/-; f2+/C504F. As expected, loss of f2 

prevented occlusive thrombus formation independent of at3 status. In at3-deficient 

larvae clot formation was reduced as previously shown. However, loss of 1 copy 

of f2 rescued the consumptive coagulopathy in 20% of fish (Figure 4-4B). To 

confirm and further characterize the rescue, clot formation was analyzed at 3 time 

points (57 hpf, 78 hpf and 101 hpf) in at3-/- larvae with differing frost genotypes. At 

all three time points, roughly 10% of f2+/+ larvae and 0% of f2C504F/C504F larvae 

demonstrated complete occlusion. In contrast, complete occlusion was seen in 

13% of f2+/C504F larvae at 57 hpf. This rate increased to 24% at 83 hpf and 74% at 

101 hpf (Figure 4-4C). Overall this suggests that a single copy of frost is able to 

restore the ability to form clots in a time dependent manner in at3-/- larvae due to a 

reduction of prothrombin mediated fibrinogen consumption. 

 

Prothrombin secretion is reduced by the frost mutation 
 To interrogate the mechanism behind the reduced prothrombin activity, the 

orthologous cysteine (C507) to the frost variant was mutated in a human 

prothrombin expression vector. As this mutation results in a free-thiol at C493, two 

additional prothrombin variants were generated; C493A and C493A/C507F. 

Expression of wild-type prothrombin in HEK293T cells resulted in secreted protein 

levels >100 ng/mL in the media. In contrast, all 3 cysteine mutants yielded levels 

<2 ng/mL in the media (Figure 4-5A). In the corresponding cellular lysate, wild-type 

prothrombin transfected cells contained approximately 12 ng/mL prothrombin. All 
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cells transfected with cysteine variants yielded levels lower than 5 ng/mL 

prothrombin in the lysate (Figure 4-5B). This suggests that loss of the C493/C507 

disulfide bond results in decreased secretion due to impaired protein production 

and/or increased degradation.  

 

Loss of the C493/C507 bond has impaired activation and activity. 
 The C493A/C507F prothrombin was purified from a stably transfected 

HEK293 line. Thrombin-DAPA complex formation demonstrated a decreased 

fluorescence signal change in mutant (1613 ± 91 RFU/uM) versus wild-type (3262 

± 347 RFU/uM), consistent with a disrupted protease domain. Additionally, the 

initial rate of activation was 2.2-fold slower in the mutant (8.4 ± 1.9 s-1) compared 

to the wild-type (19.5 ± 1.4 s-1) (Figure 4-5C). 

 The generated thrombin was assayed for proteolytic activity using S-2238 

and fibrinogen as substrates. The amidolytic activity towards S-2238 was 

significantly decreased in the mutant thrombin (49.2 ± 0.2 mOD/min) compared to 

wild-type thrombin (82.7 ± 6.5 mOD/min), confirming a partially disrupted protease 

domain (Figure 4-5D). Furthermore, C493A/C507F failed to cleave fibrinogen or 

alter the turbidity of the solution (Figure 4-5E-G). Overall, these data suggest a 

partially disrupted protease domain with reduced activity towards small peptidyl 

substrates and no activity towards macromolecular substrates like fibrinogen.  

 

Additional suppressor lines do not contain candidate mutations in known 
coagulation genes 
 Long lived survivors from the additional lines were processed for high 

throughput whole genome sequencing. Variants that were unique to each family 

(absent in control fish, dbSNP v150, SNPFisher and other mutagenesis lines) and 

present in at least 10 members of that family were annotated and compared to 

genes in the International Society of Thrombosis and Hemostasis Gold Variant list 

(Table 4-2, predicted deleterious mutants are bolded).212 No known coagulation 

genes were present. Although f2, f5 and plg are all able to rescue the at3-/- 

mortality, only f2 was found in this screen. This suggests that the screen did not 
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reach saturation and that several novel thrombosis modifying mutations were 

introduced by ENU. 

 
 

DISCUSSION  
  

Although thrombosis is a leading cause of death worldwide, very few of the 

genetic risk factors are known. The increasing use of big data to develop risk 

scores for thrombotic risk offers great potential but is limited to observational 

data.127,128 We aim to marry the discovery of new genetic factors with the genetic 

accessibility of the zebrafish model to understand multigenic interactions.  

 We’ve previously shown that complete deficiency of at3 leads to early death 

by roughly 7 months of age in zebrafish.75 We incorporated both forward and 

reverse genetic approaches to try to understand how hemostasis can be 

rebalanced in the context of pathology. Using a reverse genetics approach, we 

knocked out 2 members of the common pathway, f2 and f10, that are endogenous 

targets of At3.74,209 As expected, insufficiency was able to partially rescue survival, 

but complete deficiency led to greater mortality independent of at3 status. This is 

consistent with current clinical interventions that target F2 and F10 inhibition for 

treatment of recurrent thrombosis.213 

 We then explored the fibrinolysis system to understand how clot stability 

affects survival. As expected, complete plg deficiency greatly increased mortality 

in combination with loss of At3. Surprisingly, heterozygosity led to improved 

survival. This suggests that there may be an underappreciated risk of hemorrhage 

in the at3 knockout line which is ameliorated by plg deficiency. This may explain 

reports suggesting the use of combination epsilon-aminocaproic acid (a fibrinolysis 

inhibitor) and low dose heparin (an anticoagulant) as treatment for cases of 

disseminated intravascular coagulation with hyperfibrinolysis.214,215 In addition, 

median survival of the wild-type controls in the plg survival study was around 1 

year, which is longer than we’ve traditionally seen in the at3 knockout line. This is 

likely due to the selection over time of background haplotypes that benefit the at3 
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survival in addition to environmental effects such as housing density and 

temperature that can greatly affect zebrafish growth. Regardless, the use of 

siblings gives us confidence in the accuracy of the results. 

 With evidence that dominant suppressors of the early mortality are possible, 

we completed a chemical mutagenesis screen. Having established 4 lines capable 

of improving survival, we performed high throughput sequencing and looked for 

known coagulation genes. Our initial analysis uncovered a f2 mutation at a 

conserved cysteine that we refer to as frost. This provided a proof-of-principle for 

the screen and allowed us the opportunity to improve our understanding of 

thrombin. When looking specifically at mature C493A/C507F thrombin, the site of 

proteolysis is still maintained, albeit with reduced activity, as evidenced by S-2238 

cleavage. In contrast, the ability to cleave fibrinogen is completely lost, suggesting 

a role in exosite mediated recognition or stabilization of the interaction with 

macromolecular substrates. This may be explained by lower conformational 

stability around Tyr 510 due to the lost disulfide bond resulting in decreased Na+ 

binding and indirectly altering the exosite I.132,216 

 Having rescued at3-/- dependent lethality with 2 independent f2 alleles, we 

tested the effect on larval consumptive coagulopathy. While our endothelial-injury 

assay is normally performed at 3 dpf, initial studies yielded mixed results. 

Preliminary results showed an incompletely penetrant rescue with an 

unpredictable inheritance pattern. After efforts to identify a second genetic modifier 

influencing these results were inconclusive, a time course was performed to 

understand environmental confounding variables. This time course revealed an 

age-dependent rescue of the consumptive coagulopathy with older fish having an 

increased penetrance of rescue. This suggests that as the larval liver develops, 

the produced fibrinogen is consumed rapidly by basal thrombin activity in the 

absence of antithrombin. However, over time, the amount of fibrinogen produced 

is able to overcome this consumption and reestablish hemostasis, and partial loss 

of f2 enables this to occur at an earlier timepoint. This is further supported by the 

fact that hemorrhage leads to early mortality around 2-3 months, while the 

thrombophilic At3 deficient fish survive for greater than 6 months. This difference 
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implies that a persistent hemorrhagic defect due to consumption is not the primary 

cause of death for at3-/- fish. Therefore, the early inability to clot must be overcome 

at some point in development in order to facilitate survival beyond 3 months. 

 More interesting for the long-term implications of this study are the 

additional 3 lines identified. None of these lines carry a mutation in a known clotting 

gene. Based on our targeted knockouts, we have shown that loss of f10 or plg can 

rescue the phenotype. The fact that we did not observe either gene suggests that 

the mutagenesis did not achieve enough genome coverage to identify all potential 

modifier genes. It also indicates the presence of suppressor mutations outside of 

the canonical coagulation cascade in these lines. Interestingly, preliminary data 

point to multigenic rescue in both the Q and F Lines. While it is unlikely that ENU 

mutagenesis would induce 2 modifiers in the same gamete, it is not farfetched to 

imagine preexisting background mutations that benefit at3 deficient survival as has 

already been suggested for the chromosome 2 peak in Chapter 3. Although this 

does make identification more challenging, it also demonstrates the utility of the 

large horizontal zebrafish pedigree in understanding complex genetic interactions.  

Our work continues to demonstrate the use of zebrafish in studying the 

genetics of human thrombosis. Not only were we able to prove the conservation 

exhibited by rebalancing hemostasis through f2 and f10 modification, but we were 

able to confirm an unexpected role of the fibrinolytic system. Ultimately, while we 

have yet to discover a novel thrombotic modifier, we have proof that our screen is 

technically feasible with strong evidence for the existence of novel modifiers. 

Further work to map these novel loci offers great potential in advancing the 

diagnostic and therapeutic opportunities in the millions of people at risk of and 

affected by thrombosis. 
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Figure 4-1. f2, f10 and plg heterozygosity protect against early lethality due 
to at3 deficiency.  
(A) At the age of genotyping, fish with complete deficiency of f2 or plg, or wild-type 
for f2 are underrepresented in their populations (p-value <0.001; chi-square 
analysis). Following f2 (B), f10 (C) and plg (D) populations over time demonstrates 
that heterozygosity for these genes on an At3-deficient background results in 
improved survival compared to wild-type siblings, but that homozygosity for the 
modifier in each family results in increased mortality.  
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Figure 4-2. Overview of ENU mutagenesis.  
Mutagenized at3+/- males were crossed to non-mutagenized females and 4030 
offspring were produced with a predicted genomic coverage of 2.4-3.3x. At 3 
months, at3 deficient offspring were significantly underrepresented. By 7 months, 
53 surviving fish were selected for outcrossing based on the published at3 survival 
curve (survival curve inset, red line indicating 7 month time point). 23 G1 fish 
produced viable offspring that established 23 initial families, and from these 4 
families were established with a continuing transmittable survival benefit.  
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Figure 4-3. Short-read sequencing identifies a missense mutation in the 
codon for a highly conserved cysteine of f2.  
(A) Integrative Genomics Viewer display of the short-read sequencing around the 
identified variant site in exon 12 of f2. Carrier and control parents and 3 surviving 
offspring were sequenced. Dark grey bars display coverage for each sample 
scaled to 35 reads. Light grey bars correspond to individual reads with single G>T 
mutations indicated by red labeling. (B) Amino acid sequence alignment of 
prothrombin residues surrounding the conserved cysteine in multiple organisms. 
Complete identity is shaded in dark grey and bolded. Homology is shaded in light 
grey. The cysteine of interest is highlighted in yellow and the disulfide bond 
annotated above. 
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Figure 4-4. The frost allele is a loss-of-function variant in f2 that partially 
rescues at3 deficiency. 
(A) A single copy of frost (purple) significantly improves survival in at3 deficient fish 
compared to wild-type (black) but does not return survival to the levels of 
heterozygous at3 controls (blue and orange). (B) Loss of either at3 or f2 prevents 
vessel occlusion at 3 dpf following laser-mediated endothelial injury. 
Heterozygosity for f2 partially rescues the ability of at3-/- offspring to occlude. (C) A 
time course of venous laser injury of at3-/- offspring was generated from a f2+/C504F 
incross. Homozygosity for frost prevented clot formation while heterozygosity 
rescued the low occlusion rate of at3 deficient larvae in a time dependent manner. 
Partial occlusion indicates the presence of vascular deposits or transient 
alterations in turbidity without the formation of an occlusive clot. 
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Figure 4-5. C507F mutation leads to reduced biosynthesis, activation, and 
activity of human prothrombin .  
The homologous mutation to frost was made in human prothrombin (C507F) and 
expressed in HEK292T cells. Measurement by ELISA revealed protein levels 
indistinguishable from water controls in both the media (A) and cell lysate (B). (C) 
Prothrombin activation by prothrombinase was significantly reduced when 
measured by DAPA fluorescent change. Fully activated prothrombin had reduced 
ability to cleave the synthetic substrate S-2238 (D) and was unable to cleave 
fibrinogen (E). The rate was calculated during steady-state conditions and 
normalized to enzyme concentration. (F) Turbidity measurements showed no 
changes in the presence of mutant prothrombin. (G) The rate of clot formation 
could not be calculated for prothrombin C493A/C507F due to the inability to cleave 
fibrinogen. 
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Table 4-1. Oligonucleotide sequences used in methods 
Primer Description Primer Sequence 

f2 genotyping Forward TGCCTTTAGTGATGTTCCTCTG 

f2 genotyping Reverse CTGACAGTCGGGTCTCTGGT 

frost genotyping Forward GCAGGTTATAAGGGCCGTGCACTGGC 

frost genotyping Reverse AAGAATATGAAGATATATGTTTTACGTGCA 

at3 genotyping Forward ACACGGAAACGAGGAATCTG 

at3 genotyping Reverse TGCAAAAATTCCTGAGGACAA 

human F2 with vector 
homology Forward TGGCTAGTTAAGCTTGGTACATGGCTCATGTGCGGGGCC 

human F2 with vector 
homology Reverse TTAGGGATAGGCTTACCTTCTCCGAACTGGTCGATCAC 

human F2 C493A Reverse GCTGTCCTTGGCCACGGGCCG 

human F2 C507F Reverse ATAGCCGGCGAAGAACATGTTG 
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Table 4-2. Candidate suppressor mutations for survival benefit 
POSITION ALLELE LINE ENSDART SYMBOL AA SIFT 
5:8710859 A F 00000062957.6 paip1 A21V 0.11 
5:9824349 C F 00000169698.2 zgc:158343 L173W 0.14 
5:9824444 C F 00000169698.2 zgc:158343 D141E 1 
5:9824544 C F 00000169698.2 zgc:158343 S108C 0.74 
5:9908000 T F 00000077245.6 tor4ab A55T 0.61 
POSITION ALLELE LINE ENSDART SYMBOL AA SIFT 
2:30180943 T L 00000019149.10 rpl7 A134T 0 
2:30180949 A L 00000019149.10 rpl7 R132* - 
3:14170471 A L 00000156766.2 si:ch211-108d22.2 G715D 0.23 
3:16138950 G L 00000016616.8 arl5c K58N 0.14 
3:17600113 T L 00000175485.2 kcnh4a S896F 0.13 
3:17863112 A L 00000181559.1 BX901973.1 I11N NA 
8:10425103 A L 00000098009.6 tbc1d22b V347M 0.05 
11:8271311 T L 00000168253.3 pimr205 V22I 0.74 
11:43114391 A L 00000013642.7 foxg1b E66K 0.88 
20:1216834 G L 00000140650.3 ankrd6b L81S 0 
20:5084855 G L 00000142518.2 ccnk E237G 0 
20:6372328 T L 00000077095.6 trappc8 F944I 0.44 
20:16843593 T L 00000027582.9 brms1lb Y133* - 
20:18414178 T L 00000049437.6 cdc42bpb V1344M 0.62 
20:19143768 T L 00000151881.2 rp1l1b E2367* - 
20:26273618 T L 00000139350.4 syne1a A3576S NA 
20:30897882 C L 00000062536.6 hebp2 D117G 0.17 
20:31436056 A L 00000046841.9 sash1a H1048Y 0.01 
20:34382803 C L 00000133593.4 swt1 I301V 0 
20:52404591 T L 00000166651.2 arhgap39 P290S 0 
21:122571 G L 00000160005.2 si:ch1073-398f15.1 L506P 0.12 
24:10906980 G L 00000145466.3 asap1b I1086T 0 
24:19118173 A L 00000106186.6 prex2 L1247M 0.06 
POSITION ALLELE LINE ENSDART SYMBOL AA SIFT 
2:10350190 T Q 00000016369.8 wls E458K 0.02 
2:10350196 A Q 00000016369.8 wls V456L 0.07 
2:10354682 G Q 00000016369.8 wls D293H 0.07 
2:10354691 A Q 00000016369.8 wls V290L 1 
14:32015583 A Q 00000105761.4 zic3 V262F 0 
14:36332517 A Q 00000077823.6 lrit3a G290* - 
15:47492848 C Q 00000122372.3 sik3 K4T 0.01 
23:43467836 C Q 00000169726.2 e2f1 D418G 0 
23:46115544 G Q 00000030004.9 CABZ01071903.1 A89P 0.2 
23:46115549 T Q 00000030004.9 CABZ01071903.1 L87Q 0.04 
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Chapter V: 
Genetic Duplication of Tissue Factor in Teleost Reveals Partial 

Subfunctionalization 
Note: Chapter 5 is being prepared for submission as a regular article (Authors: 
Steven J. Grzegorski, Queena Zhou, Divyani Paul, Jim Morrissey and Jordan A. 
Shavit). 

 

INTRODUCTION 
 

Preventing pathological blood clotting in the setting of normal physiology 

requires a well-regulated system to minimize and inhibit sites of ectopic 

procoagulant activity. One primary mechanism to prevent activation of the 

coagulation cascade is the spatial separation of the potent activator tissue factor 

(TF) from the plasma localized procoagulant proteins, including the protease factor 

VII (FVII). Under normal conditions, TF is a transmembrane glycoprotein 

expressed on the surface of cells surrounding the vasculature. Following disruption 

of the endothelial layer, TF is exposed and able to act as a receptor for circulating 

FVII.217 Once bound, the TF/FVII complex serves as an initiator of coagulation via 

the activation of factor X and factor IX.218,219 Outside of vascular damage, several 

conditions can trigger the intravascular expression of TF. During infection, 

circulating proinflammatory cytokines are known to trigger the expression of TF on 

the surface of mononuclear and endothelial cells.220 Separately, many neoplasms 

express high levels of TF which is subsequently incorporated into shed 

microvesicles that enter circulation.221  

Beyond its procoagulant activity, the TF/FVII complex has a role in cell 

signaling. The complex has been shown to cleave several of the g-protein coupled 

protease activated receptors (PARs).222 This PAR-mediated signaling may be 

responsible for the observed angiogenic role that TF plays in cancer.223,224 

Additionally, it has been shown that TF/FVII is able to interact with β1 integrins to 
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modulate intracellular signaling.225,226 Understanding the regulatory controls over TF 

expression and the secondary roles of TF, including crosstalk with inflammation, 

could be crucial to minimizing the thrombotic risk of various pathologies. 

Several global and tissue specific knockouts of TF in mice have been 

generated. Complete TF deficiency leads to lethality by E6.5-E8.5 making it the most 

severe of procoagulant knockouts.227,228 In contrast, loss of FVII leads to neonatal 

lethality. This differential phenotype is thought to be due to the ability of small 

amounts of FVII to leak from maternal to embryonic circulation, although this has 

not been proven.229,230 Tissue specific knockouts of a floxed TF allele yield a 

variety of phenotypes. Notably, cardiomyocyte (Mlc2v) specific loss results in 

cardiac fibrosis.231 Myeloid (LysM) or endothelial and hematopoietic loss (Tie2) 

specific knockout leads to reduced lipopolysaccharide induced coagulation.232 

Neuroectodermal (Nestin) targeted loss causes an increase in intracerebral 

hemorrhage after collagenase infusion.233 Finally, keratinocyte promoter (K14) 

driven knockout results in delayed wound healing.220  

Due to the early lethality of complete deficiency, a transgenic approach was 

used to express a human TF minigene in TF-/- mice. This system resulted in levels 

at 1-2% of normal TF. Although the minigene rescues survival into adulthood, low 

TF mice exhibit prolonged bleeding after hemostatic challenge and have increased 

rates of hemorrhage.234 Interestingly, while human TF is able to activate 

coagulation in mice, mouse TF is unable to effectively activate coagulation in 

human plasma. This is likely due to a species-specific interaction between TF and 

FVII as validated by the fact that mouse TF/FVII complexes are able to fully 

activate human FX (correspondence with JH Morissey). This demonstrates that 

although the function of TF is highly conserved, the primary amino acid sequence 

is not. Therefore, it is important to develop an accessible model that does not rely 

on the complications of xenogeneic proteins. 

Zebrafish are a small aquatic vertebrate with a hemostatic system that is 

highly conserved with humans. A single mating pair can produce hundreds of 

offspring each week with transparent, external development. Circulating blood is 

visible by 36 hours of life and assays for assessing coagulation in vivo are readily 
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performed between 72 and 120 hours post fertilization (hpf).70,150 Importantly, 

zebrafish are able to survive severe hemostatic defects and develop into 

adulthood.73-75,77,209 Notably, zebrafish have two copies of TF referred to as TFa 

and TFb due to an ancestral whole genome duplication event. Previously 

performed antisense knockdown of TFb suggested a role in early vascular 

development, consistent with mouse models.96 The function of TFa is currently 

unknown, and to date no studies have been done to completely block TF activity 

in zebrafish.  

TF deficiency has never been seen in humans and complete deficiency is 

difficult to study in mice. The genetic duplication of TF in zebrafish provides an 

opportunity to understand the endogenous roles of TF due to the potential for 

neofunctionalization or subfunctionalization. This study makes use of 

CRISPR/Cas9 to generate loss-of-function alleles in both copies of TF. Loss of 

both is compatible with development but leads to early lethality. A single copy of 

either TFa or TFb is sufficient to rescue survival. Interestingly, this study shows 

that TFa has higher procoagulant activity and plays a predominant role in venous 

hemostasis. In contrast, TFb has a greater role in arterial coagulation and this 

difference appears to be mediated by the intrinsic pathway. Understanding the 

spatial and temporal control of TFa and TFb and increasing our understanding of 

their functional differences could prove valuable for modifying thrombotic 

pathologies. 

 

MATERIALS AND METHODS 
 

Animal Care 
Zebrafish were maintained according to protocols approved by the 

University of Michigan Animal Care and Use Committee. All wild-type fish were a 

hybrid line generated by crossing AB and TL fish acquired from the Zebrafish 

International Resource Center. Tris-buffered tricaine methanosulfate (Western 

Chemical) was used for anesthesia during all live animal experimental 

manipulation and for euthanasia. 
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Targeted mutagenesis using genome engineering 
 The ChopChop2 server was used to identify predicted high efficiency target 

sites for CRISPR/Cas9 engineering.235 Three guides each were selected for TFa 

and TFb. DNA oligos for the target sequence were synthesized with homology to 

a second common backbone oligo (Table 5-1). The pieces were assembled via 

PCR and purified using phenol:chloroform. The sgRNA was synthesized using the 

Maxiscript T7 kit and purified via ethanol/ammonium acetate precipitation. 600 ng 

gRNA were mixed with 0.5 uL EnGen Cas9 protein (New England BioLabs) at a 

1.5:1 molar ratio in 300 mM KCl. The solution was incubated at 37°C for 10 minutes 

and 2 nL of the solution was injected into the yolk of single cell embryos. Test 

embryos were lysed at 24 hpf and flanking primers were used to amplify the target 

site. High resolution gel electrophoresis was performed to validate efficient 

cleavage. Larvae injected with 2 known successful guides were raised, bred, and 

their offspring screened for single large deletions. Lines were established from 

single heterozygous founders. 

 

Genotyping of mutant offspring 
As described in chapter 2, whole embryos or adult fin biopsies were lysed 

in buffer (10 mM Tris-HCl, pH 8.0, 2 mM EDTA, 2% Triton X-100, 100 µg/mL 

proteinase K) for 2 hours at 55°C followed by incubation at 95°C for 5 minutes. 

One microliter of the resulting solution was used as template for gene specific 

polymerase chain reaction (Table 5-1) and analyzed by gel electrophoresis. 

 
Real time quantitative polymerase chain reaction  

RT-qPCR was performed as described in chapter 2. Briefly, total RNA was 

extracted from 4 dpf larvae using the RNeasy Mini Plus kit (Qiagen) and 

transcribed using oligo(dT)12-18 primer and Superscript III (Invitrogen). Three equal 

pools of whole larvae were used per genotype. The resulting cDNA was used as 

template for qPCR (StepOnePlus, Applied Biosystems) using gene specific 

PrimeTime© probe-based qPCR Assays (Integrated DNA Technologies) (Table 5-
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1). The expression levels of TFa and TFb were normalized to the actb2 gene and 

significance analyzed using the double delta Ct method as described.158 

 
Laser-induced endothelial injury 

Laser injury was performed as previously described in Chapter 2. Briefly, 

larvae were mounted in 0.8% low melt agarose and placed on an Olympus IX73 

with attached Andor Micropoint pulsed-dye laser. 99 pulses were administered to 

the ventral surface of the posterior cardinal vein 5 somites caudal to the anal pore 

at 2 or 3 dpf or 3 somites caudal to the anal pore on the dorsal surface of the 

cardinal artery at 2, 3 or 5 dpf. At 2 minutes, larvae were checked for formation of 

an occlusive thrombus and scored as either occluded or non-occluded by a blinded 

observer prior to genotyping. 

 
Membrane bound recombinant TF production 
 The nucleic acid sequences for zebrafish TFa and TFb were identified and 

confirmed. The propeptides and cytoplasmic tails of the sequences were removed 

and replaced with a periplasmic localization signal and an HPC4 tag. The 

sequence was codon optimized for E. coli expression, synthesized in gBlocks (IDT) 

and subcloned into pJH698 in place of the previously published human TF 

sequence (Table 5-2). The validated plasmids were transformed into BL21(DE3) 

competent cells. Single colonies were grown up in minimal MDG media to OD600 

= 6. Cells were pelleted, resuspended in BYE to an OD600 of 4.5 and shaken at 25° 

for 2 hours. IPTG was added to a concentration of 100 uM and allowed to shake 

for another 4 hours. The cells were then pelleted and stored frozen at -80° until the 

next step. 

 Frozen pellets were resuspended in in lysis buffer (30mM HEPES, 50 mM 

NaCl, 0.1% NaN3, 1% Triton-X 100 and 0.1% lysozyme) and briefly sonicated on 

ice. The bottle was rocked for 15 minutes at room temperature and then CaCl2 was 

added to a final concentration of 2 mM and incubated on ice for 30 minutes. The 

remaining debris was pelleted, and the supernatant transferred to a new container. 

Equilibrated Q-Sepharose beads were added to the supernatant (1g / 10 mL) and 

rocked for 1 hour at 4°. Supernatant was then passed through an equilibrated 
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HPC4 affinity column. The column was washed (30mM HEPES, 1% triton, 1 M 

NaCl, 1 mM CaCl2, and 0.1% NaN3) and eluted (30mM HEPES, 1% triton, 100 mM 

NaCl, 5 mM EDTA, and 0.1% NaN3). The resulting eluate was dialyzed against 

HBS-Triton (30mM HEPES, 1% triton, 100 mM NaCl, and 0.1% NaN3). 

 The purified TF was incorporated into 80:20 

phosphotidylcholine:phosphotidylserine liposomes at a ratio of 15000:1 using 

deoxycholate and Biobeads SM2 as previously described. 

 

Ex vivo clotting assays 
 Lake trout blood was collected from a venous puncture and anticoagulated 

using 9:1 plasma:3.2% sodium citrate and centrifuged at 1500g for 15 minutes to 

isolate thrombocyte poor plasma. Plasma, TF liposomes and 25 mM CaCl2 were 

mixed at a 1:1:1 ratio and placed on a rocker at 25°C. The tubes were observed 

through repeated tilting until the solution became solid and a clot was apparent. 

Clots were scored by a blinded observer for 5 minutes and then checked a final 

time at 15 minutes. 

 

Chemical treatment 
 Larvae were placed in a light protected plate and stock solutions of 

epinephrine and hydrocortisone in DMSO were added to a final concentration of 

25 uM epinephrine, 0.01% hydrocortisone and 0.1% DMSO and incubated in the 

dark at 28.5°C. 

 

Statistical Analysis 
The occlusion data and ex vivo clotting assays were analyzed using Mann-

Whitney U or binomial proportion tests. Significance testing, graphs, and survival 

curves were made using GraphPad Prism (Graphpad Software, La Jolla, 

California). 

 
RESULTS 
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CRISPR/Cas9 facilitates the generation of null alleles for both TFa and TFb 
Large deletions were made in each copy of TF by inducing 2 double 

stranded breaks in each coding region using CRISRP/Cas9. Stably transmitted 

deletions from exon 1 to exon 3 in TFa and from exon 4 to exon 5 in TFb were 

identified in the offspring of injected fish (Figure 5-1A-B). The selected TFb allele 

contained an inverted portion of a neighboring intron inserted at the site of editing. 

Quantitative polymerase chain reaction (qPCR) at 4 dpf demonstrated that 

homozygosity of TFa resulted in reduction of TFa mRNA consistent with nonsense 

mediated decay. Conversely, qPCR of homozygous TFb larvae shows constant 

levels of residual transcript (Figure 5-1C). When the full length TFb transcript was 

amplified and analyzed via agarose gel electrophoresis, multiple smaller 

transcripts were identified (Figure 5-1D). The most prevalent involved splicing from 

exon 2 to exon 6 resulting in a stable transcript generating a 61 amino acid 

truncated protein. Overall, both alleles appear to result in complete loss of 

functional TF protein. 

 

A single copy of TF is both necessary and sufficient for long term survival 
A large group of offspring was generated from a double heterozygous 

incross to determine the influence of TF on survival. For simplicity, in this thesis 

when discussing both TF genotypes wild-type alleles will be referred to as “A” and 

“B” while null-alleles will be referred to as “a” and “b,” e.g., double heterozygotes 

are Aa/Bb. At the age of genotyping (8 weeks), there was no deviation from the 

expected Mendelian ratios. However, over the next week, all 9 double homozygous 

fish succumbed to signs of overt hemorrhage (Figure 5-2A). Notably, the remaining 

genotypes, including Aa/bb and aa/Bb saw equivalent survival over the following 

year. To determine whether these results were due to the stress of genotyping, a 

second group of 149 fish was raised to 6 months of age before genotyping (Figure 

5-2A). No double homozygous fish were identified in this clutch consistent with 

complete TF deficiency being incompatible with long-term survival. A final group 

of fish was genotyped 1 month of age and the 7 identified homozygotes were 

tracked. 6/7 succumbed to hemorrhage by 2 months of age while the last fish was 
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able to reach sexual maturity before dying at 120 days of age (Figure 5-2B). The 

cause of death across clutches appeared to be overt hemorrhage into the head or 

pericardial space (Figure 5-2C) To determine whether maternal contribution of TFa 

or TFb could be responsible for survival through early development, groups of 

offspring were generated from Aa/bb males crossed to aa/Bb females and from 

Aa/bb females crossed to aa/Bb males. At 1 month of age, all possible genotypes 

were observed in the assayed offspring, suggesting the ability to complete 

development in the complete absence of TF (data not shown). 

 

Loss of TF does not alter vascular development 
 Given TF’s suspected role in angiogenesis, two transgenic lines were 

utilized to look at endothelial development and vascular perfusion. The 

gata1a:DsRed236 transgenic line displays red fluorescent erythrocytes, while the 

kdrl:eGFP237 transgenic labels vascular endothelial cells with green fluorescent 

protein. At 30 hpf, the number of vascular sprouts and the growth progress were 

scored prior to genotyping and no significant difference was observed across 

genotypes (Figure 5-3A-C). At 54 hpf, there were no obvious defects in endothelial 

development or in erythrocyte perfusion in double homozygous larvae (Figure 5-

3D). Finally, through the first week of development, there were no obvious 

morphological defects under bright field examination (data not shown). Overall, 

this suggests that TF is not necessary for the differentiation, proliferation or 

function of the vascular endothelium. 

 

TFa plays a dominant role in venous hemostasis 
A laser-induced endothelial injury assay was used to trigger clot formation 

in the venous system at 3 dpf in TF mutants. Loss of TFb alone did not lead to any 

alterations in the time to occlusion (TTO). Loss of TFa alone resulted in a mild 

delay in TTO from ~20 to ~30 seconds. This delay was exacerbated in a dose 

dependent manner with loss of TFb. Complete deficiency of TFa and TFb resulted 

in the inability to form occlusive thrombi (Figure 5-4A). At 5 dpf, a binary (clot vs. 

no clot) version of the injury assay was used to assess developmental changes. 
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At this stage, the ability to form occlusive thrombi again appeared to be dependent 

on the amount of TF activity present with loss of TFa or TFb causing a decrease 

in the ability to form occlusive thrombi. Notably, TFa still appears to play a 

predominant role (Figure 5-4B). This suggests that both TFa and TFb are present 

surrounding the venous bed and that TTO is dependent on the amount of total TF 

procoagulant activity present, with TFa providing enough activity to fully 

compensate in the absence of TFb at 3 dpf but not vice versa.  

 

TFb plays a dominant role in arterial hemostasis 
 To understand differences between arterial and venous circulation, the 

laser injury assay was performed on the caudal artery at 5 dpf. Unlike the venous 

system, loss of TFa alone did not appear to alter the TTO. Surprisingly, while loss 

of TFb did not alter the TTO in those that clotted, TFb deficiency did lead to an 

increased failure to occlude with phenotypic penetrance varying from 30% to 90% 

in various groups of offspring. Loss of both TFs did result in a failure to form 

occlusive thrombi (Figure 5-4C).  

At 5 dpf thrombocytes play a major role in arterial occlusion. To remove 

their influence in the clotting process, arterial injury was performed at 2 dpf, prior 

to the robust expansion of thrombocytes in circulation. In contrast to previous 

experiments, this one was done in 2 steps. First, arterial injury was performed on 

all fish. Subsequently, all fish that had not occluded within 120 seconds were 

injured in the venous system. Once again, the ability to occlude in the arterial 

system appeared to be entirely dependent on the presence of TFb with occlusions 

forming in greater than 95% of TFb heterozygotes. Larvae containing only TFa 

(Aa/bb) were able to form occlusive thrombi only 10% of the time. When the 

subsequent venous injury was performed on larvae that failed to occlude in 

response to arterial injury at 2 dpf (predominately Aa/bb and Aa/bb larvae), the 

vast majority (>90%) of TFa containing larvae (Aa/bb but not aa/bb)  successfully 

formed an occlusive venous clot (Figure 5-4D). This suggests a tissue specific 

distribution of tissue factor.  
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Unexpectedly, at 3 dpf a single copy of either TF was sufficient for arterial 

clot formation (19/19 aa/BB ; 13/15 AA/bb). Overall, these data suggest that TFb 

is the primary TF expressed around the arterial vessels at 2 dpf but that due to 

either normal expression or a compensatory mechanism TFa is expressed around 

the arterial vessels at 3 dpf in TFb mutants. Furthermore, although sufficient at 3 

dpf, the presence of TFa in TFb mutants is unable to completely rescue arterial 

hemostasis at 5 dpf indicating a disruption in the ability to generate a sustained 

thrombin burst. 

 

TFa has increased in vitro procoagulant activity 
 Although the spatial differentiation of TF roles is likely due to differences in 

expression patterns, the inability to achieve complete compensation of TFa by TFb 

or TFb by TFa suggests a possible functional difference. To answer this, the coding 

sequences for the extracellular and transmembrane domain of both TFs were 

identified, codon optimized, modified for periplasmic secretion, epitope tagged and 

synthesized prior to being inserted into an inducible E. coli expression vector. The 

resulting proteins were expressed, affinity purified and incorporated into 80:20 

phosphotidylcholine:phosphotidylserine liposomes to a final ratio of 15000:1 TF to 

lipid and final TF concentration of 173 nM. The TF containing liposomes were then 

used to trigger coagulation at a final concentration of 17 nM in citrated lake trout 

plasma following recalcification. Using a manual tilt test at 27°C, plasma clotted in 

roughly 120 seconds following addition of TFa-containing liposomes. TFb 

containing liposomes were able to form clots by 15 minutes (precise timing ended 

at 300 seconds). Empty control liposomes only formed clots in 2 of 6 plasma 

samples (Figure 5-5A). A titration of liposomes at a lower sodium concentration 

demonstrated a roughly 10 to 100-fold increase in procoagulant activity of TFa 

containing liposomes (Figure 5-5B). This supports the venous injury results and 

suggests a divergent role for TFb in the arterial circulation.  

 

TFb mediated arterial clotting relies on intrinsic amplification 
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 The TF/FVII complex is able to activate both FX and FIX in human assays. 

Additionally, zebrafish lack FXI, the endogenous mammalian activator of FIX. To 

determine whether the difference in TFa and TFb activity is due to altered ability 

to activate FIX, laser injury was performed in the arterial system at 2 dpf in larvae 

from a f9b+/- incross. Homozygosity for the f9b null allele resulted in a significant 

decrease in the ability to form occlusive thrombi (Figure 5-6A). However, loss of 

F9b does not alter the time to occlusion in the venous system at 3 dpf (Shavit 

laboratory, unpublished data). This pattern of clot formation in response to injury 

is similar to what was observed in the TFb deficient larvae. This alludes to TFb and 

FIXb operating through a similar pathway that is distinct from TFa. This would be 

consistent with subfunctionalization of TFa and TFb, resulting in TFb activating 

FIXb while TFa maintains canonical extrinsic tenase function.  

 

Loss of TFb protects against inherited thrombophilia 
 Previous work demonstrates that the loss of antithrombin (At3) in zebrafish 

leads to an inability to form occlusive thrombi at 3 dpf due to excessive thrombin 

activity leading to the consumption of fibrinogen, followed by early adult lethality. 

To test whether concomitant loss of TF in At3 deficient offspring, three separate 

crosses were performed: (at3+/-; Aa/BB x at3-/-; Aa/BB), (at3+/-; AA/Bb x at3-/-; 

AA/Bb), and (at3-/-; Aa/BB x at3-/-; AA/Bb). No obvious trends were seen in the low 

number of at3-/- offspring produced from the TFa incross. The TFb incross 

demonstrated a significant overrepresentation of AA/bb genotypes with the at3-/- 

offspring. Finally, the TFa to TFb cross did lead to a significant deviation from 

normal expected numbers with double heterozygous offspring being 

overrepresented in the at3-/- population (Figure 5-6B). This shows that a loss of a 

single TF allele does not affect survival in the context of At3 deficiency and may 

make it worse in the case of TFb. In contrast, loss of 2 copies of TF, either TFb 

deficiency or double TF heterozygosity, does appear to improve survival in the 

context of At3 deficiency. 

Larvae were generated from the crossing of at3-/-; Aa/Bb fish and assayed 

for clot formation following endothelial laser injury at 3 dpf. In samples that were 
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wild-type or heterozygous for TFa, the loss of one copy of TFb did not seem to 

alter the ability to form clots. However, the complete loss of TFb resulted in all 

offspring regaining the ability to clot indicating that the TFb is a primary trigger of 

the at3-/- consumptive coagulopathy. Conversely, progressive loss of TFa 

appeared to cause a decrease in the rate of occlusion (Figure 5-6C). This is likely 

due to impairment of the thrombin burst necessary to form a clot under 

hypofibrinogenemic conditions present during a consumptive coagulopathy. As 

expected, complete loss of TF resulted in an inability to occlude. This is 

presumably independent of the at3 deficiency. 

 

Loss of TF predisposes to cardiac tamponade with hemostatic and 
nonhemostatic components 
 The aquatic environment, low blood pressure and lack of birthing trauma 

create a low stress early developmental environment for zebrafish compared to 

mammals. To understand if this low stress environment explains the ability of 

zebrafish to survive to 2 months of age without TF, a chemical stress challenge 

was performed, and the hearts of treated fish were observed (Figure 5-7A). 

Following 16 hours of treatment with cortisol and epinephrine beginning at 3 dpf, 

zebrafish with overall TF deficiency saw a significant increase in erythrocytes in 

the pericardial space consistent with a cardiac tamponade (Figure 5-7B Left). 

When the same assay was applied to prothrombin deficient fish, cardiac 

tamponade was additionally seen (Figure 5-7B Center). However, when the stress 

assay was applied to fibrinogen deficient larvae, the rate of tamponade was 

reduced. This suggests that the risk of tamponade is partially a result of the loss 

of fibrin formation (Figure 5-7B Right) but more due to an extra hemostatic role of 

TF and prothrombin. 

 

DISCUSSION 
 

TF is a fascinating protein because it has a highly conserved function that 

is essential for vertebrate life while having low sequence level conservation (~60% 
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between human and mouse and ~40% between human and fish). This low 

sequence conservation has been a challenge, necessitating artificial contrived 

systems and specialized reagents. While loss of TF has been linked to 

developmental abnormalities, angiogenesis, inflammation and regeneration it has 

been difficult to validate these phenotypes and eliminate artifacts in whole-

organism models.220,228,238,239 Zebrafish offer a model to address many of these 

concerns due to their easily visualized development, conserved coagulation 

cascade, resistance to hemostatic imbalance and finally due to the presence of 2 

unique copies of TF in their genome.  

The limited work on TF in zebrafish has focused on the use of morpholino 

antisense technology to transiently knock down translation in larvae. While 

knockdown of either TFa or TFb using morpholinos appears to cause mild vascular 

defects and edema, they have never been knocked down together.96 In contrast to 

these separate TF studies, our study uses genetic mutants to study complete, 

permanent deficiency of TF. Following genetic TF deficiency, zebrafish typically 

survive to 8 weeks of age without gross defects in vascular morphology or 

endothelial development. This suggests that the morpholino-induced phenotypes 

are non-specific or that the genetic knockouts have a compensatory mechanism 

to avoid the vascular defect. Furthermore, the lack of vascular defects indicates 

that the weakened yolk sac vasculature in developing TF-null mice is specific to 

mammalian gestation and the unique environment of the mammalian yolk sac.  

Importantly, complete TF deficiency typically causes lethality by 2 months, 

but a single copy of either TFa or TFb is sufficient for normal survival and sexual 

reproduction. This supports the use of zebrafish for studying the broad biological 

functions of TF that are difficult to test due to mammalian lethality. Additionally, 

these data confirm that although TFa and TFb share only 50% sequence identity, 

they both maintain the ability to activate the coagulation cascade. Building upon 

this baseline functional conservation, this study was able to identify 

subfunctionalization. Namely, TFa has higher procoagulant activity and a dominant 

role in the venous system while TFb contributes to a binary phenotype in the 

arterial system. Unfortunately, efforts to look at expression have been 
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unsuccessful presumably due to the low absolute levels of TF mRNA and the lack 

of available antibodies. However, multiple large datasets indicate that TFa does 

appear to have higher expression in the ventral aspect of the embryo near the 

venous circulation while TFb is more broadly expressed.240,241 Interestingly, 

evidence for TFb expression in hemangiogenic progenitors points to a potential 

function in cell differentiation that may partially explain the observed arterial 

phenotype.240 Future work to understand where and how the expression of TF is 

regulated in zebrafish could prove valuable for risk identification and thrombogenic 

triggers in mammals.  

Beyond the potential for unique spatiotemporal expression patterns, this 

study provides strong evidence of a functional difference. Recombinant protein 

work reveals that TFa has up to 100-fold greater procoagulant activity with the 

caveat that lake trout plasma was used due to ease of obtainability. The mild 

differences in venous clotting time suggest that there likely is an absolute 

difference in procoagulant activity that is exaggerated by species-specific 

incompatibilities between zebrafish and lake trout. 

In addition to its extrinsic tenase activity, it is well established that the TF:F7 

complex in humans is able to activate FIX.218 Classically, FIX is activated by FXIa 

in response to FXII activity of the thrombin feedback loop.242,243 Zebrafish do not 

have homologues for FXI or FXII suggesting that TF is the primary activator of 

zebrafish FIX.71 To explore this possibility, the f9b knockout line was analyzed in 

parallel to TF work. Separate unpublished work in the Shavit laboratory has 

demonstrated that f9b knockouts do not have an observable effect on laser-

induced clot formation in the venous system at 3 dpf. Furthermore, that work also 

showed that f9b deficiency protects against the early consumptive coagulopathy 

present in the at3 knockout fish. This study extended the f9b work to the arterial 

system at 2 dpf and showed a similar, but milder phenotype to the TFb arterial 

injury results. This is consistent with TFb preferentially activating FIXb in the 

arterial system during normal hemostasis and basally in the context of AT3 

deficiency. Inconsistent with this, is the limited evidence that TFb heterozygosity 

does not have an apparent benefit for the laser injury or survival defects in the 
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thrombophilic background. This may be explained due to the compensatory 

upregulation of TFa in response to TFb deficiency exacerbating the thrombophilic 

state. This warrants further study into the mechanism of expression changes and 

the establishment of TFa and TFb localization. Furthermore, it suggests that 

understanding the substrate specificity of TFa vs. TFb may provide important 

insight into arterial vs. venous hemostasis and provide a model for studying 

intrinsic vs. extrinsic coagulation. 

The ability of zebrafish to survive complete TF deficiency is compatible with 

previous studies of common pathway knockouts. The resistance to developmental 

lethality is likely due to the low impact aquatic environment, the lack of birthing 

trauma, and the low-pressure vasculature. By chemically inducing stress, this 

study was able to bring out a phenotype consistent with cardiac tamponade. 

Surprisingly, this same phenotype was inducible in the f2 knockout line but not in 

fga knockout fish. This implicates secondary functions of TF and prothrombin that 

are separate from fibrin polymerization. This is consistent with the fact that fga 

knockout fish have a very mild survival defect, but see significantly increased 

mortality in the context of genetic thrombocytopenia.73 Beyond the role of 

thrombocytes, TF:F7 may also protect against tamponade through its less 

prominent roles in PAR signaling and integrin binding. Expanding on this 

tamponade, humanized low-TF mice present with significant cardiac fibrosis in 

adulthood.234 This is thought to be a symptom of chronic hemorrhage but in the 

context of these fish data may be a sign of additional underlying dysfunctions such 

as structural abnormalities. 

Overall, the duplication of TF in zebrafish and the evidence for 

subfunctionalization offers multiple opportunities to explain the subtleties of TF’s 

biological role. The work presented is consistent with the expectations from 

previous fish and mouse knockouts. However, the novel differentiation of arterial 

and venous function and the potential substrate specialization facilitates asking 

narrower questions than previously answerable. Furthermore, the presented role 

in thrombosis suggests a novel platform for interrogating modifiers. Ultimately, this 

work leaves more questions than it answers but also offers the long-term promise 
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of expanding our knowledge of the switches controlling hemostasis and 

thrombosis.  
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Figure 5-1. Genomic engineering creates large loss-of-function deletions in 
both copies of zebrafish TF.  
Two gRNA targets were injected for both TFa and TFb. (A) A large deletion was 
identified between exon 1 and exon 3 in TFa resulting in an early stop codon. (B) 
A deletion was introduced between exon 4 and exon 5 of TFb. During endogenous 
repair, a section of intronic DNA (blue bar) was inverted and inserted at the site of 
the deletion. (C) RT-qPCR at 4 dpf demonstrates that the mutant TFa allele results 
in nonsense mediated decay of the residual transcript without affecting TFb levels. 
Conversely, TFb transcript is not degraded and loss of TFb induces upregulation 
of TFa. (D) Full-length TFb cDNA was isolated from pools of 4 dpf larvae. The 
expected wild-type band is visible in BB and Bb. Two smaller bands are evident in 
the Bb and bb pools consistent with alternative splicing of the mutant transcript.
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Figure 5-2. Loss of TF results in early lethality due to hemorrhage.  
(A) Two groups of fish were produced from double heterozygous TF incrosses. The first group had normal Mendelian ratios 
at 8 weeks but saw complete die off of the double homozygous fish (aa/bb) by 9 weeks. By 56 weeks, the remaining 
genotypes were distributed evenly showing that a single copy of either TF is sufficient for survival. The second group (below 
solid line) was left undisturbed until genotyping at 6 months to minimize the early stress of the tailing procedure. (B) A group 
of 7 double homozygous fish were identified at 1 month of age and followed. 1 fish survived past 2 months and reached 
sexual maturity before dying by 4 months. (C) Early lethality was due to signs of hemorrhage in the pericardial space (left) 
or head (right). 
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Figure 5-3. Vascular development is unaffected in the absence of TF. 
(A) A 30 hpf larvae carrying the kdrl:eGFP transgene marking vascular endothelial 

cells (top) with a close-up (below). White arrows mark examples of vessel sprouts 

that have made it at least halfway through the expected migration. Orange arrows 

represent sprouts that have not made it halfway. No statistically significant 

changes are seen in total vessel sprouts (B) or sprouts that have made it past the 

halfway point (C). (D) At 54 hpf, no obvious changes are seen in endothelial cell 

development or in vascular perfusion as evidenced by long exposure of 

gata1:DsRed, a marker of erythrocytes.  
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Figure 5-4. Laser-induced endothelial injury demonstrates a partial 
subfunctionalization of TFa in the venous system and TFb in the arterial 
system. 
(A) Venous injury at 3 dpf shows that time to occlusion (TTO) is not altered by loss 

of TFb (bb) but is delayed in the complete absence of TFa (aa). This delay is 

exacerbated by the loss of one copy of TFb (Bb) and clots fail to form after 

complete TF loss (aa/bb). (B) Performing venous laser injury at 5 dpf confirms the 

predominant role of TFa in the venous system. While loss of TFb (Aa/bb) causes 

a slight decrease in occlusion rate compared to Aa/Bb, loss of TFa (aa/Bb) causes 

a significant reduction in the ability to occlude (p = 0.01) compared to Aa/Bb. (C) 

Arterial injury at 5 dpf shows that TTO is not altered by TF genotype. However, the 

ability to form occlusive thrombi is significantly reduced in fish lacking TFb (AA/bb, 

Aa/bb, aa/bb) when compared to Aa/Bb (p < 0.001; all 3 comparisons). (D) Laser 

injury at 2 dpf confirms the role of TFa in the venous and TFb in the arterial system. 

Larvae were injured in the arterial system first and a single copy of TFb was 

sufficient for occlusive arterial clot formation. Fish that failed to occlude were 

subsequently injured in the venous system and those with functional TFa were 

able to form occlusive venous thrombi. Those without TFa or TFb (aa/bb) did not 

occlude in the arterial system and had nearly absent occlusion in the venous 

system. 
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Figure 5-5. TFa has increased procoagulant activity compared to TFb in an 
ex vivo clotting assay.  
Recombinant TFa and TFb were produced in E.coli and incorporated into 80:20 

phosphotidylcholine:phosphotidylserine liposomes at a ratio of 1:15000. (A) 

Liposomes were mixed with citrated trout plasma and recalcified for a final 

concentration of 17 nM TF. TFa containing liposomes induced clot formation during 

a tilt test significantly faster than TFb and lipid controls. The assay was observed 

for 300 seconds and a final check was performed at 15 minutes to look for delayed 

clot formation. (B) TF solutions were diluted in HEPES-buffered saline with a lower 

(10mM) sodium concentration and a log-log curve plotted demonstrating a 10 to 

100-fold increase of TFa procoagulant activity over TFb.  
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Figure 5-6. TFb acts through FIXb to trigger a consumptive coagulopathy.  
(A) Arterial laser injury at 2 dpf reveals that f9b-/-

 larvae have a significantly reduced 

likelihood of forming occlusive thrombi compared to wild-type and heterozygous 

larvae (p < 0.005). (B) Double heterozygosity for TFa and TFb leads to an 

improvement in survival of fish completely deficient of AT3 at 110 days (expected 

numbers in parentheses). Heterozygosity for TFb does not appear to benefit 

survival of thrombotic fish but complete deficiency of TFb significantly improves 

survival by 100 days. (C) Loss of TFb rescues the consumptive coagulopathy 

following venous laser injury at 3 dpf while loss of TFa exacerbates the inability to 

form occlusive thrombi.  
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Figure 5-7. Loss of TF contributes to a risk of cardiac tamponade through 
hemostatic and nonhemostatic effects. 
(A) Stress was chemically induced in 3 dpf by exposure for 16 hours to 25 uM 

epinephrine and 0.01% hydrocortisone. Larvae were score for the presence of 

erythrocytes in the pericardial space marked by red arrows in the control (left) and 

tamponade positive fish (right). (B) TF-deficient and prothrombin-deficient larvae 

have a significantly increased (p < 0.01) occurrence of cardiac tamponade 

compared to controls. TF deficient larvae have a stronger but not significantly 

different rate of tamponade. FGA-deficient larvae do not have a significantly 

increased rate of tamponade, suggesting hemostatic independent compensation. 
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Table 5-1. Oligonucleotides used in methods 
Primer 

Description Primer Sequence 

f2 qPCR Forward GAGGAAGCTCGAGAAGTGTTT 

f2 qPCR Reverse CCCTCTGTAGTCGCACATATTC 

f2 qPCR Probe FAM/TGGACAGGG/ZEN/TTGTTCCTTCACAGC/IABkFQ 

actb2 qPCR Forward ATGAAGATCCTGACCGAGAGA 

actb2 qPCR Reverse TCAAAGTCAAGGGCCACATAG 

actb2 qPCR Probe FAM/ACCACCACA/ZEN/GCTGAGAGGGAAATT/IABkFQ 

TFa qPCR Forward GCCAAGAGCACAGGAAAGAA 

TFa qPCR Reverse GCAGCACGTGAAGGTAGATAAG 

TFa qPCR Probe 
/56-FAM/ATTGAGATG/ZEN/CCGGATTTGGACCGA/3IABk
FQ/ 

TFb qPCR Forward GACCCAAACCTGTCAACTACA 

TFb qPCR Reverse ACTCTGTCTCTGTGCTTCTAATG 

TFb qPCR Probe 
/56-FAM/TCGTGACAA/ZEN/ACAGAGAAACCCTCACTG/3I
ABkFQ/ 

gRNA T7 Universal Forward GCTAATACGACTCACTATAGG 

gRNA Universal Reverse AAAAGCACCGACTCGGTGCC 

gRNA Backbone 
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGT
TATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

TFa gRNA #1 
TAATACGACTCACTATAGGATACGCTTGTATTGGCGCGTTTTA
GAGCTAGAAATAGC 

TFa gRNA #2 
TAATACGACTCACTATAGGCCTGTCTGAACCCATGCGGTTTTA
GAGCTAGAAATAGC 

TFb gRNA #1 
TAATACGACTCACTATAGGCACAGGAAAAGTAAGTAAGTTTTA
GAGCTAGAAATAGC 

TFb gRNA #2 
TAATACGACTCACTATAGGGTTACTGCTTCAGTGTAGGTTTTA
GAGCTAGAAATAGC 

TFa genotyping primer 1 AGACTCAGCCAGGACAGAGAAC 

TFa genotyping primer 2 GAGAATTTCCCAGAGCTGACAT 

TFa genotyping primer 3 CAGTATTGTGGACTTGGGACAA 

TFb genotyping primer 1 TGACCATCCAAGACCCCATCA 

TFb genotyping primer 2 CATCCCTGCGGTACATTTATTT 

TFb genotyping primer 3 TAGGGGTTCAGCTTACCTTCAA 

f9b genotyping primer 1 CCTCAAAGTAGCACCACTCC 

f9b genotyping primer 2 CAATAGGTGAACATGACGTC 

f9b genotyping primer 3 CCAGGCAGATAGGTACAGCG 

at3 genotyping Forward ACACGGAAACGAGGAATCTG 

at3 genotyping Reverse TGCAAAAATTCCTGAGGACAA 
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Table 5-2. Synthesized recombinant TF gBlocks 
>Zebrafish Membrane Localized TFa for E.coli 
GGAGATATACATATGAAATATCTGCTGCCGACGGCGGCCGCGGGATTACTGTTGTTAG
CCGCTCAGCCCGCGATGGCTGCAGAAGACCAGGTGGATCCTCGGTTGATAGATGGTAA
GGTCTTTCCCAAAGCTAAGAACGTCTCTTGGAGTAGCGTTAACTTCAAATCTATGCTG
ACATGGTCTCCTAAGCCAACAAATTACTCGTACACGGTGGAGTTCTCGGAGCTGGGTC
AGGACCGCGAGCGGACTCCCTACTGTATTCGGACAATGGATACCGAGTGTGATCTTAC
GGCGGTCTTAAAGAACTTAAAGGCCTATTATTCCGCTGATGTACTTAGCGAGCCGATG
AGAGGTGTATCAAGCGATCTTGTTGAGTTTCCCCACGTCTCTTCTGGAAAGTTCAGTC
CCTATCACGATACTGACATCGGACGTCCAGAGTTTAAGATTGAGGTCTCCTCCGATAA
ACGGATGACCAAACTGCATGTCACCGACGTACCTACGGCGTTATTTGATGATCAAAAA
AAACGGCTTAACATCAGAGATGTTTTCGGTGACGAGTTGCAGTATAAAGTCATTTACC
GTAAAGCCAAAAGCACCGGCAAGAAGGAAATGCTGTCCAAACAATCCATCATAGAGAT
GCCGGATTTAGACAGAGGTGTGGGATATTGTTTTAACGTGCAGGCCTATCTGCCTAGT
CGCGCAGCAAACAAGCAATTTGGGGAGCTGTCCTCGGTTCATTGCTCCACCGAGGAAA
ATACGACGGTCTTTGAAGAATATGGGACTGGAGTGATCACCGGTGTTATCGTATTCAT
ATTATCGGCCATAATCGTCATTGTTTTAGTAATTGTGCACAAGTGATAAGCTTTCCGA
CATCACCATCACCATCACTGAGATCCGGCTGCTA 
> Zebrafish Membrane Localized TFb for E.coli 
GGAGATATACATATGAAATATCTGCTGCCGACGGCGGCCGCGGGATTACTGTTGTTAG
CCGCTCAGCCCGCGATGGCTGCAGAAGACCAGGTGGATCCTCGCCTTATTGATGGGAA
AGCTAGCATGGACGTTGGCAAGTTAACTAAAGCAACGAATGTAAGCTGGACATCCTAC
AATTTCAAGACGATCTTGAGCTGGGGCCCGAAGCCTGTCAACTATACTTACACTGTCG
AGTTTTCACGGACAAACCGCGATAAGCAGCGCAACCCTCATTGTATCAGAAGCACCGA
AACTGAATGCGATCTGACGAACGACCTGGATATCAATGAGGTCTATTCCGCTGAAGTG
TTATCTGAGCCTTTACCGAGCATGAATATTGATCAAGTCGAACCTCCCTATAGTCGTT
CAAAGATATTCAGACCATATGACGATACTTTGATCGGACGGCCACAATTTACGCTTAC
AGTTAGCGTGGACAAAAAATTAGTATTGACTATACAAGATCCAATAACTGCGCTTCAC
AAGGATAATAGATCGCTGAACATCAGAGACATCTTTAAGAAGAATTTGAAATATAAAG
TGGCTTATTCTAAGGCGGGGAGCACAGGGAAGAAGATCAAAGTTGTAGAAGAAAGCCG
CGCCGAGTTCAATAGATTAGATGAGGATCAATCCTACTGTTTTTCAGTAGCGGCTTAT
ATCCCGAATCGCAAAGGGGATAAACGGTTGGGGGAATGGAGCCTGCCAAAGTGTTCGC
CACAAGAATCGAAATCACTGTTTGAGGAGTATGGCTTAGCCGTAATAGGCGGCGCAGC
ATTAGCGACCCTTGCATTTGTAATAGCCGTTATAGTCCTTATAGTGGTCCATAAATGA
TAAGCTTTCCGACATCACCATCACCATCACTGAGATCCGGCTGCTA 
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Chapter VI: 

Conclusions and Future Directions 

 

CONCLUSIONS 

 

Disruption of the kringle 1 domain of prothrombin leads to late onset 

mortality in zebrafish 

 Complete prothrombin deficiency is incompatible with life in mammals. 

Previous work demonstrated that zebrafish were able to tolerate the loss of 

common pathway factors (FV and FX) and survive to several months of age. To 

understand if this survival was due to low level thrombin activity or whether 

zebrafish would facilitate the exploration of secondary biological roles of 

prothrombin, a targeted knockout was generated. Surprisingly, the 14-bp genomic 

deletion resulted in an alternatively spliced transcript with a 15 amino acid deletion 

in the kringle 1 domain. Analysis of the corresponding deletion in human 

prothrombin revealed a reduction in synthesis, a reduced activation rate, and a 

decrease in activity of the mature thrombin. Overall, theses compounding 

deficiencies suggest a >99% reduction of prothrombin procoagulant activity while 

demonstrating a novel role for kringle 1 in the maturation and activity of thrombin. 

Returning to the zebrafish model, fish homozygous for the f2 deletion had an 

inability to form occlusive thrombi in response to injury and suffered mortality due 

to hemorrhage within the first 3 months of age. This confirms the conserved role 

of prothrombin in zebrafish, counters the suggestion that prothrombin has an 

extrahemostatic role in development and offers a model for studying potential 

secondary functions of thrombin activity.  
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A bioinformatic pipeline for identifying dominant mutations in the zebrafish 

model using high throughput sequencing 

 Rapid technological advances have made obtaining base pair level 

genomic resolution readily available for countless model systems. With the release 

of the 11
th
 version of the zebrafish genome, GRCz11/danRer11, the zebrafish 

community has a high-quality reference with the addition of alternative contigs for 

the first time in a non-human model. Merging the availability of sequencing data 

with the strengths of mutagenic screens in zebrafish promises to rapidly advance 

our ability to identify new biology. Unfortunately, the limited availability of high-

quality resources and standardized protocols within the community limit the 

potential of this technology.  

Chapter III established a standard protocol and created necessary index 

files and variant datasets for processing high-throughput sequencing. Applying this 

protocol defined baseline variation across a population of 85 fish with roughly 10-

12 million SNVs per fish and a Ti/Tv ratio of 1.12. Furthermore, the pipeline was 

used to confirm an ENU mutagenesis rate slightly higher than previously described 

with roughly 70 loss of function mutations per gamete. Finally, an unbiased 

approach was able to identify mappable genetic markers and confirm the 

chromosomal location of a known modifier of thrombosis as well as provide 

evidence of a secondary locus contributing to improved survival. This pipeline 

should provide a streamlined approach for identifying dominant mutations 

underlying phenotypic variation. 

 

Dissecting genetic modifiers of a sensitized zebrafish model of thrombosis 

 Thrombosis is one of the leading causes of morbidity and mortality, but the 

landscape of heritable risk factors is incompletely defined. Zebrafish lacking AT3 

suffer from a consumptive coagulopathy and succumb to early mortality due to 

thrombosis. Using this as a sensitized model, chapter IV aimed to identify how 

hemostasis could be restored with known and novel factors. Complete genetic 

deficiency of f2, f10 and plg resulted in increased mortality in the thrombophilic At3 

deficient fish. However, heterozygosity of each of these genes led to improved 
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survival. Loss of f2 and f10 likely reduces the thrombotic burden by reducing the 

procoagulant content of the plasma. In contrast, plg deficiency likely stabilizes 

physiologically appropriate clots and alleviates a previously unrecognized risk of 

hemorrhage.  

 Chemical mutagenesis was performed, and 4 lines were established with a 

heritable survival benefit in the AT3 deficient background. Initial analysis identified 

the frost allele due to in a missense mutation at a highly conserved cysteine in 

prothrombin. When engineered into human prothrombin, this mutation resulted in 

lower synthesis and a compete inability to cleave fibrinogen. In vivo, the frost allele 

rescued adult survival and the larval consumptive coagulopathy of at3-/- fish in a 

time dependent manner. Continued analysis failed to identify known coagulation 

mutations in the additional lines, which points to the existence of novel modifiers. 

Additionally, given that plg and f10 mutations are known to rescue at3-/- survival, 

their absence in the candidate analysis implies the experiment did not reach 

saturation of the genome.  Further genetic characterization of these lines is likely 

to reveal new biology underlying thrombosis.  

 

Genetic duplication of tissue factor in teleost reveals partial 

subfunctionalization 

 TF deficiency is the most severe of procoagulant mutations in mice with 

lethality by E6.5-E8.5 and severe deficiency has never been observed in humans. 

This suggests a secondary role for TF outside canonical fibrin generation. 

Zebrafish have 2 copies of TF (TFa and TFb) that may provide insight into 

subfunctions of TF. Loss of both TFs in zebrafish leads to normal development but 

results in lethality by 8 weeks. A single copy of either TFa or TFb is sufficient to 

rescue normal survival. Interestingly, TFa appears to have greater ex vivo 

procoagulant activity based on recombinant protein work and is the predominant 

provider of in vivo activity in the venous system. In contrast, TFb has little ex vivo 

procoagulant activity but deficiency results in a failure to form arterial clots at 2 dpf 

and a significant decrease in the ability to form occlusive arterial thrombi at 5 dpf. 

Coincidentally, although loss of f9b does not alter venous clot formation, it does 
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lead to a reduction in arterial clot formation at 2 dpf. Furthermore, complete 

deficiency of TFb or FIXb is able to rescue the prothrombotic phenotypes resulting 

from AT3 deficiency. This is consistent with the hypothesis that TFb is the 

predominant activator of FIX in zebrafish while TFa acts primarily through 

canonical extrinsic FX activation. Finally, loss of TF leads to an increased risk of 

cardiac tamponade in response to stress. This risk is phenocopied by thrombin 

deficiency but not by loss of fibrinogen. These data suggest unique biology 

differentiating arterial and venous hemostasis and provide an avenue for isolating 

the influence of intrinsic and extrinsic tenase activity in normal hemostasis and 

thrombosis. 

 

FUTURE DIRECTIONS 

 

Characterize secondary biological roles of prothrombin 

 The ability of zebrafish to survive severe hemostatic challenge has been 

consistent across studies, but nevertheless surprising. One explanation for this 

resilience is the lack of environmental risk factors relative to terrestrial models. A 

second explanation relates to the nature of the zebrafish knockouts used. f5, f10, 

and TF knockouts do not eliminate the possibility of low-level thrombin activity. 

Furthermore, while the frost and engineered f2 alleles have >99% reduction in 

realized procoagulant activity, they both still maintain some catalytic activity. It is 

entirely possible that miniscule levels of prothrombin are capable of providing the 

secondary activation of pathways necessary to prevent the defects seen in 

chemical and antisense knockdown of prothrombin.  

 To definitively answer this possibility, a third knockout could be made with 

the complete deletion of the f2 coding sequence. Genomic engineering technology 

has advanced sufficiently to make this feasible and avoid the pitfalls of alternative-

splicing previously seen. Once this genetic background is established, several 

questions regarding prothrombin activity in vascular development/integrity, 

inflammation and cell migration could be addressed.  
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 First, if the complete knockout recapitulates the developmental defects 

seen in previous mouse work, it would be imperative to do RNAseq comparing the 

complete knockout to the previous loss-of-function alleles to understand which 

transcriptional pathways are being activated extrahemostatically. In contrast, if 

those same developmental defects are not seen, then a comparison could be done 

between genetic knockouts and the morpholino knockdowns to determine if the 

phenotypic difference is due to non-specific effects or as a result of genome 

specific compensation. Presumably, performing morpholino knockdown in f2-null 

fish would cause developmental defects if the phenotype is due to toxicity or result 

in no change if there is specific compensation. 

 Beyond the developmental defects, thrombin has been implicated in 

inflammation and immune response. Utilizing fluorescent angiography and 

neutrophil staining following exposure to LPS and/or physical injury would provide 

an in vivo platform for understanding secondary thrombin roles. Along with the 

analysis of developmental defects, this understanding would be vital for the 

improved management of patients receiving anticoagulant therapy. 

   
Automate the bioinformatics pipeline and expand on the use of alternate 

contigs 

 The key to any new technology is lowering the barrier to accessibility. While 

high-throughput sequencing has improved exponentially in the last decade, niche 

models still lag behind in custom resources. Although this work has expanded on 

the availability of resources, the computational processing requires substantial 

technical knowledge. Moving forward, a framework for automating the dynamic 

modification of the genomics pipeline would greatly increase the throughput and 

accessibility. As an initial step, a custom python script for local modification and 

automatic generation job scheduling scripts is achievable with relatively little 

investment. Further plans would involve creating a platform agnostic framework 

for use by the broader community. 

 From the technical aspect of the pipeline, the use of alternative contigs is 

increasingly important. For a model like zebrafish where hybrid strains are 
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commonly used, the alternative contigs provide a valuable reduction in technical 

artifacts. Unfortunately, the current pipeline ignores many of these secondary 

variants. Long term, the reincorporation of these variants is critical. In the context 

of mutagenesis screens, an initial approach would involve aggregating alternate 

contigs with their standard reference locations and computationally determining 

broad heterozygosity or homozygosity. This would provide mapping data and then 

the alternate contigs could be closely analyzed for novel candidate mutations. This 

secondary analysis would require the manual curation of coding sequences on 

alternate contigs to confirm the reliability. 

 

Explore progeny testing for minimization of stochastic false positives in 

suppressor mapping 

 The single largest issue with the genetic mapping of a survival benefit 

attempted in this work is the existence of stochastic survivors producing false 

positive information. A secondary issue is the interaction of background mutations 

and the potential for multigenic effects on survival. Limiting this requires a 

significant expansion of the pedigree that is uniquely possible in zebrafish. Instead 

of sequencing long lived survivors, it would be valuable to use a progeny testing 

approach. Progeny testing involves testing a phenotype in the offspring of a 

sample of interest.  

 Beginning with the unmapped Q, F or L line, 20 candidate at3-/- fish would 

be crossed to unmutagenized at3+/- partners. The goal would be to generate 

roughly 80-100 offspring surviving >3 months from each pair. Comparing the ratio 

of homozygous to heterozygous fish at 6 months would provide a penetrance score 

for each parent. For example, 80 survivors with a ratio of 60:20 heterozygous to 

homozygous genotypes calculates to a 66% rescue penetrance. (20 at3-/- / (60 

expected at3-/-
 x 50% suppressor carriers) = 2/3). The penetrance scores across 

the population would presumably cluster into 2 groups for a monogenic trait and 3 

or more for multigenic traits. Carriers and controls would then be sent for whole 

genome sequencing based on the predicted suppressor status. This would provide 
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significantly higher confidence in the analysis and lead to improved candidate 

reliability. 

 

Uncover the origin of arterial and venous tropisms of tissue factor duplicates 

 Previous work shows that exposing venous grafts from patients to coronary 

arterial flow induces TF expression.
244

 The different phenotypes of TFa and TFb 

deficiencies in the arterial and venous systems in chapter V implies likely 

differences in spatial and/or temporal expression patterns. This regulatory 

landscape may overlap with the single TF landscape in humans. This leads to 3 

unanswered questions from the perspective of expression. First, where are TFa 

and TFb endogenously expressed? Attempts to perform in situ hybridization have 

been unsuccessful, potentially due to extremely low endogenous levels. This could 

be circumvented through one of three options. CRISPR/Cas9 has made possible 

the potential to make targeted knock-ins in zebrafish. This technology could be 

applied to fuse a fluorescent reporter to the endogenous TF and view expression 

with epifluorescence. A secondary approach would be to create a transgenic 

reporter using a predicted promoter region, but this would be limited by an inability 

to confirm the accuracy of the expression pattern. Similarly limited, single cell 

RNAseq could be performed on disassociated developing larvae to look for 

differences in expression, but as seen in a previous study, correlating 

transcriptional patterns back to known cell populations is challenging..
241

 Finally, 

antibodies could be generated from recombinant TFa and TFb and protein 

expression visualized. 

 Second, assuming a difference in baseline expression, the next question 

would be how is the expression pattern established between arterial and venous 

circulation. This is especially interesting due to the fact that TFb is deposited in the 

oocyte transcriptome and present before zygotic transcription takes place. An 

initial hypothesis is that low level leakage of F7 and prothrombin from the 

circulation creates a gradient of TF-mediated PAR signaling proportional to the 

flow of the proximal vessel. Differences in this gradient may create an “arterial” or 

“venous” expression pattern that leads to differing and overlapping TFa and TFb 
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patterns. This hypothesis has the flexibility to incorporate maternally deposited TFb 

as the seed for initializing transcriptional programming. To begin testing this idea, 

expression of TF would be analyzed in offspring generated from TFb-null female 

parents to check for changes in the initial establishment of the pattern. In parallel 

to this, chimeric CRISPR knockdowns of the various PAR receptors, prothrombin 

and F7 would be used to check if those genes mediate the distribution of TF. 

Finally, morphants with altered circulation such as silent heart could be analyzed 

for changes in TF expression to understand if the pattern relies on flow. 

 Finally, the upregulation of TFa in response to TFb loss suggests a 

feedback loop. The first task would be simply to characterize whether the 

upregulation occurs in cells that already express TFa or if the expression of TFa is 

turned on in cells that usually only express TFb. The latter is supported given the 

fact that TFb-null larvae have an arterial phenotype at 2 dpf but not 3 dpf, 

suggestive of a delayed compensatory mechanism. The return of the phenotype 

at 5 dpf may be a result of incomplete functional compensation.  

Regardless of the identity of the overexpressing cells, the next task is to 

understand the mechanism. Compensation may be the result of genomic 

compensation due to inappropriate mRNA products and independent of TF 

function.
245

 This could be answered by overexpressing functional TFb to see if it 

reverses the induction of TFa expression as seen via qPCR. If overexpression 

does prevent the compensation, then there is likely a protein level feedback loop 

through extracellular signaling or through signaling mediated by the cytoplasmic 

tail of TF. The first step to detect this would be performing RNAseq on TFb-

deficient larvae to determine candidate pathways for further analysis. Ultimately, 

understanding how the transcriptional profile of TFa and TFb is established and 

maintained would provide an excellent model for determining pathologies that 

might predispose to ectopic expression and increase the risk of thrombosis. 

 

Detail the substrate specificity of TF:F7  

 In addition to expression differences, there appears to be a functional 

difference between TFa and TFb as evidenced by the ex vivo clotting assay and 
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the FIXb mediated thrombophilic contribution. In humans, it is well established that 

the TF:F7 complex is able to cleave FX as well as FIX but that the primary 

activation of FIX occurs via FXI. Zebrafish are lacking FXI and thus TFb may take 

on a more critical role in the activation of FIXb. Unfortunately, in zebrafish the story 

is cloudier due to the tandem duplication of F7 resulting in F7L, F7i and F7. Thus, 

the substrate specificity of TF may be reliant not only on the binding of substrates 

but modified by affinity for the various F7 copies. First, to confirm a functional 

physiologic difference, TFa and TFb should be overexpressed in the absence of 

the other. For example, overexpression of TFa in TFb-null larvae will likely rescue 

the 2 dpf and possibly rescue the 5 dpf arterial phenotype. This would confirm the 

functional overlap and indicate a primarily expression mediated phenotype. 

Similarly, overexpression of TFb in the absence of TFa may be able to increase 

the venous TTO. Second, overexpressing TFa in the FIXb knockout background 

would reveal the degree of functional overlap between TFa and TFb. 

 For a more definitive answer, a substantial set of in vitro assays would need 

to be performed. This would require the recombinant production not only of TFa 

and TFb but also of F7, F7L, F7i, FIXa, FIXb, and FX. The first set of assays would 

be to calculate the binding affinities of the TF:F7 permutations using surface 

plasmon resonance. The sequence divergence between the protein families 

suggests there would be significant differences in affinity.  

 Second, using chromogenic substrates specific to FIX and FX, the 18 

combinations of TF:F7:FIX/FX would need to be assayed. This would definitively 

prove whether the TF:F7 complexes have substrate preferences and the degree 

to which F7 modifies this preference. Having established the preferences, the 

previously performed clotting assays could be slightly modified through the 

addition of the relevant F7 copy to understand if the absolute difference in 

procoagulant activity is artifactual or a physiologic reality. From this information, 

structural studies could be undertaken to determine exactly how these differences 

are manifested and whether or not they can be applied to potential new hemostatic 

modifying therapies.  
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Identify potential tissue factor dependent nonhemostatic factors stabilizing 

the cardiac structure  

 TF-deficient mice carrying low levels of human TF develop hemosiderosis 

and cardiac fibrosis by 3 months of age.
231

 Consistent with this, TF-deficient 

zebrafish larvae develop a cardiac tamponade in response to chemical stress. 

Surprisingly, this phenotype is minimal in fga-/-
 and points to extrahemostatic 

stabilizers. Two future avenues of research may prove beneficial. First, as 

previously suggested, laboratory zebrafish live in an environment with low 

hemostatic challenge. Their ability to survive into adulthood without critical clotting 

factors could be due to the absence of stress. It would be informative to expose 

developing zebrafish to chronic cortisol and epinephrine with the goal of narrowing 

the prolonged survival window. This would have the benefit of confirming the low 

stress hypothesis while establishing a more predictable phenotype for future 

studies.  

 Returning to the cardiac tamponade, the normal presence of TF likely 

protects against tamponade through 3 pathways. The most obvious is TF’s well-

established role in fibrin generation. If this was the only factor, then loss of fga 

would have a similar phenotype. The second factor is TF’s role in FVII mediated 

PAR signaling. In humans, FVII can directly activate PAR2 but can also lead to the 

downstream activation of prothrombin to signal through PAR1, PAR3 and PAR4. 

The presence of tamponade in f2-/- fish suggests that PAR signaling does play a 

role. To further this hypothesis, it would be valuable to analyze the formation of 

tamponade in f10-/- 
larvae and in a not yet established f7-/-

 line. Determining which 

coagulation factors replicate the tamponade phenotype would narrow down 

potential candidates for extrahemostatic signaling. Furthermore, there are 5 PAR 

receptors in zebrafish and it would be possible to transiently knock each of these 

down in fga-/-
 larvae and determine if this is able to recapitulate the phenotype. If 

a combination of PAR knockdown with known coagulation factors fully explains the 

tamponade, then further studies could be pursued to determine how PAR signaling 

stabilizes the cardiac structure and whether this has potential implications in aging 

populations.  
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 In contrast, if PAR signaling does not contribute to the tamponade 

phenotype, the recently described binding of TF to integrins and complementary 

intracellular signaling may implicate new biology. The low likelihood of this pathway 

and incomplete picture regarding TF:integrin binding precludes the aggressive 

physiologic pursuit of this hypothesis. However, preliminary RNAseq would be 

performed on TF-deficient hearts and the molecular pathways compared to control. 

This would help to identify any transcriptional changes that would implicate known 

pathways. The broad role of integrins in structural interactions would preclude 

knockdown studies. However, targeting these intracellular mediators through 

knockdown or targeted overexpression to modify cardiac morphology and 

tamponade frequency would provide downstream evidence of this pathway and 

encourage future pursuit. 

 Ultimately, improved understanding of the crosstalk between tissue 

structure and hemostasis provides fundamental knowledge for understanding 

closed-system circulation and vertebrate survival.
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