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Thrombocytes are functional equivalents of mammalian platelets and also possess 

megakaryocyte features. It has been shown earlier that hox genes play a role in megakaryocyte 

development. Our earlier microarray analysis showed five hox genes, hoxa10b, hoxb2a, hoxc5a, 

hoxc11b and hoxd3a, were upregulated in zebrafish thrombocytes. However, there is no 

comprehensive study of genome wide scan of all the hox genes playing a role in 

megakaryopoiesis. I first measured the expression levels of each of these hox genes in young 

and mature thrombocytes and observed that all the above hox genes except hoxc11b were 

expressed equally in both populations of thrombocytes. hoxc11b was expressed only in young 

thrombocytes and not in mature thrombocytes. The goals of my study were to comprehensively 

knockdown hox genes and identify the specific hox genes involved in the development of 

thrombocytes in zebrafish. However, the existing vivo-morpholino knockdown technology was 

not capable of performing such genome-wide knockdowns. Therefore, I developed a novel cost- 

effective knockdown method by designing an antisense oligonucleotides against the target 

mRNA and piggybacking with standard control morpholino to silence the gene of interest. Also, 

to perform knockdowns of the hox genes and test for the number of thrombocytes, the available 

techniques were both cumbersome or required breeding and production of fish where 

thrombocytes are GFP labeled. Therefore, I established a flow cytometry based method of 

counting the number of thrombocytes. I used mepacrine to fluorescently label the blood cells and 

used the white cell fraction. Standard antisense oligonucleotide designed to the central portion 

of each of the target hox mRNAs, was piggybacked by a control morpholino and intravenously 



injected into the adult zebrafish. The thrombocyte count was measured 48 hours post injection. 

In this study, I found that the knockdown of hoxc11b resulted in increased number of 

thrombocytes and knockdown of hoxa10b, hoxb2a, hoxc5a, and hoxd3a showed reduction in the 

thrombocyte counts. I then screened the other 47 hox genes in the zebrafish genome using flow 

sorting method and found that knockdown of hoxa9a and hoxb1a also resulted in decreased 

thrombocyte number. Further, I used the dye DiI, which labels only young thrombocytes at 

specific concentrations and observed that the knockdown of hoxa10b, hoxb2a, hoxc5a, hoxd3a, 

hoxa9a and hoxb1a, lead to a decrease in young thrombocytes; whereas hoxc11b knockdown 

lead to increase in number of young thrombocytes. Using bromodeoxyuridine, I also showed that 

there  is  increase  in  release  of  young  thrombocytes  into  peripheral  circulation  in  hoxc11b 

knockdown fish which suggests that hoxc11b significantly promotes cell proliferation rather 

effecting apoptosis. In conclusion, I found six hox genes that are positive regulators and one hox 

gene is a negative regulator for thrombocyte development. 
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CHAPTER 1 

INTRODUCTION 

1.1 HEMOSTASIS 

Platelets are very small anucleated fragments of 1.5 to 3 μm in diameter that are released 

from the bone marrow into the circulation (1). They arise from the cytoplasmic portion of 

megakaryocytes in the bone marrow by fragmentation. They play a central role in hemostasis, 

which is the body’s protective mechanism to prevent loss of blood from an injured blood vessel. 

After a life span of about 10 days in circulation (2), they undergo destruction in the liver. The 

normal range of platelet counts in humans is 150K-400K/μL of peripheral blood. Low platelet 

count leads to bleeding disorders and is referred as thrombocytopenia, whereas abnormal 

increase, known as thrombocytosis, leads a pathological condition called thrombosis. A balance 

between platelet production and destruction is vital to achieve hemostatic state. 

 Under normal conditions platelets circulate in inactive form and do not interact with the 

vascular wall. In primary hemostasis, platelets are exposed to the sub-endothelial matrix 

proteins, collagen and endothelial von Willebrand Factor (vWf). Their adherence to these 

factors results in activation of platelets. When activated, platelets undergo a shape change and 

also secrete a variety of platelet agonists to recruit more platelets, resulting in their aggregation 

and formation of primary hemostatic plug (3). Platelets also shed microparticles which circulate 

in blood and participate in thrombus formation (4).  In secondary hemostasis, platelets provide 

the negatively charged catalytic surface for the clotting factors to initiate the coagulation 

cascade and finally lead to formation of firm fibrin clots (5). These steps are also accompanied 

by vasoconstriction, in which the blood flow to the injured spot is reduced. The cross-talk 

among these three components of hemostasis is important to achieve cessation of bleeding. as 

was noted by Rudolf Virchow (6). 
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1.1.1 PRIMARY HEMOSTASIS 

The first stage of primary hemostasis involves platelet adhering to the wall of the blood 

vessel at the site of injury followed by activation of platelets. During this process, platelets 

secrete various agonists leading to activation of more platelets followed by platelet aggregation 

that result in primary platelet plug (Figure 1.1). 

1.1.1.1 Adhesion 

Platelets adhere to the damaged portion of the vessel wall by interacting with a sub-

endothelial multimeric glycoprotein, vWf, via its surface receptor, GPIb-IX-V complex (7). 

Once the platelets stick to the sub-endothelium by this interaction, they bind to the exposed sub-

endothelial collagen, through GPVI and α2β1 receptors (8,9). Activated endothelial cells also 

release ultra large vWf (ULvWf) from their Weibel-Palade bodies. The net result is that the 

platelets are captured through GPIb, GPVI and α2β1 receptors. Released ULvWf binds to the 

surface of the endothelium through P-selectin and is later cut by metalloprotease, ADAMTS-13 

resulting in less active vWf (10). P-selectin secreted from Weibel-Palade bodies also promotes 

endothelial cell-leucocyte-platelet adhesion via the GpIb receptor during inflammation (11). 

1.1.1.2 Aggregation 

During primary hemostasis, platelet-platelet interaction occurs via the platelet surface 

integrin receptor, αIIbβ3 (GPIIb/IIIa) and its ligand, fibrinogen,  which is a dimeric protein (12). 

Under normal conditions, GPIIb/IIIa is in a closed conformation, but when platelets are 

stimulated, these integrins undergo a conformational change which allows the RGD amino acid 

sequence in fibrinogen to interact (13). Various agonists such as ADP, arachidonic acid, 

thrombin, thromboxane A2, and collagen, become present at the site of injury, to activate more 

platelets and to lead to platelet aggregation. 
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1.1.1.3 Agonists 

1.1.1.3.1 Thrombin 

Protease activated receptors (PAR) are a GPCR family which includes PAR1, PAR2, 

PAR3 and PAR4. Human platelets express only PAR1 and PAR4, whereas mouse platelets 

express PAR3 and PAR4 (14). PAR1 acts as primary thrombin receptor in platelet function and 

is activated at very low concentrations of thrombin (15). Thrombin is a serine protease that can 

bind to PAR1 and bring about proteolytic cleavage between Arg 41 and Ser 42 residues of 

PAR1. The new N-terminal end, having SFLLRN amino acid sequence, acts as a tethered ligand 

of PAR1 (16). This receptor activation leads to downstream signaling via G-proteins Gq or 

G12/13, resulting in calcium release from the endoplasmic reticulum, that further leads to  

myosin light chain (MLC) phosphatase activation which in turn leading to shape change and 

platelet activation (17). 

1.1.1.3.2 ADP 

ADP is stored in dense granules of platelets and is released during platelet activation 

in response to collagen or thrombin. Adenosine diphosphate (ADP) binds to the GPCR P2Y1, 

which is coupled to Gq. This leads to activation of phospholipase C (PLC) and therefore 

production of inositol 1,4,5-triphophate (IP3), resulting in increased cytosolic calcium ion levels 

that ultimately lead to platelet aggregation. ADP also binds to the Gi-coupled receptor P2Y12, 

thereby inhibiting adenylyl cyclase and leading to reduced cAMP levels (18) (19). 

1.1.1.3.3 Collagen 

Collagen, Type VI, is a triple helical structural protein with typical (Gly-Pro-HyP) motifs 

and is found co-localized with vWf in the sub-endothelial matrix of blood vessels (20). When 

endothelium is intact, collagen is concealed from circulating platelets. But when the endothelial 
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cell layer is damaged, collagen binds to platelet integrin receptor α2β1 which further facilitates its 

binding to its weak but significant receptor, GPVI.  When collagen is at high levels, it acts via 

phospholipase Cγ2 leading to the production of 1,2-diacyl glycerol (DAG) and IP3 from 

phosphatidylinositol 4,5-bisphophate, thus mediating platelet activation (21). Both these signal 

molecules lead to increase in intracellular Ca2+, which induces a wide variety of changes in 

platelets including shape change and activation of phospholipase A2.  When collagen is present 

at low concentrations, it enhances the production of thromboxane A2 (TXA2) (22). 

1.1.1.3.4 Arachidonic acid and Thromboxane A2 

Collagen mediated activation of phospholipase A2 promotes the release of arachidonic 

acid (AA) from the second position of platelet membrane phospholipids, predominantly 

phophatidyl choline or phophatidyl ethanolamine (23). Released AA can then be converted to 

TXA2, which binds to its receptor thromboxane prostanoid receptor alpha isoform (TPα) to act 

either via, Gq or G13 (23). Activated G13 mediates Rho kinase dependent phosphorylation of 

MLC and MLC kinase, thus making MLC available for actin polymerization (24); alternatively, 

activation via Gq leads to activation of PLCβ and thus leading to the production of DAG and IP3 

(25). 

1.1.1.4 Granular secretion 

Platelets have several granules containing the major factors required for hemostasis and 

thrombosis, the contents of which are secreted when activated. α-granules and dense granules 

harbor most of the thrombotic and hemostatic factors, such as vWf, P-selectin, fibrinogen, and 

ADP, which are required for platelet function (26,27). Lysosomes which possess hydrolase 

activity are also present in platelets and break platelet aggregates in circulation (27). 
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1.1.1.4.1 Alpha granules 

Alpha (α)-granules are the largest and contain several blood clotting proteins, Factors V, 

XI, XII, Fibrinogen and vWf. They also possess several adhesion proteins and receptors, those 

which are expressed also on the surface of platelets, including GPIb, GPIIb/GPIIIa, GPVI (28). 

When platelets are activated, the α-granules fuse to each other and also with the open canalicular 

system (OCS) and secrete the contents by soluble NSF attachment protein receptor (SNARE)-

based mechanism (29). Vesicular SNARE on α-granules such as VAMP-8 and target SNARE 

such as SNAP-23 on the plasma membrane/OCS, associate and result in the fusion of the 

membranes of α-granule and plasma membrane (30). This SNARE based secretion of α-granules 

is tightly regulated by Sec1/Munc proteins such as Munc18c (31). 

1.1.1.4.2 Dense granules 

Platelet dense granules also possess GPIb, GPIIb/GPIIIa and P-selectin, like that of        

α-granules. ADP present in these granules is one of the key agonists of aggregation (32). 

1.1.2 SECONDARY HEMOSTASIS 

 Secondary hemostasis involves the formation of fibrin monomers which can further 

polymerize to a mesh work and trap blood cells to result in a firm clot. This process involves a 

complex cascade mechanism of two distinctive pathways involving several plasma factors. 

1.1.2.1 Extrinsic pathway or tissue factor pathway 

This pathway starts with the exposed tissue factor from the cells residing in sub-

endothelium of damaged blood vessel. Tissue factor acts as receptor for factor VIIa (FVIIa). This 

activated factor pre-exists in circulation in about 1% levels. Recently, it was shown in zebrafish 

that the enzyme hepsin plays a role in the activation of FVII (33). This complex brings about 

further activation of FVII to FVIIa thereby amplifying the FVIIa levels. This complex formation 
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leads to activation of factor FX to FXa. Activated FXa converts prothrombin to thrombin in the 

presence of FVa and Ca
2+

 ions. Thrombin converts fibrinogen to fibrin which can further be

cross-linked by FXIIIa (Figure 1.2).    

1.1.2.2 Intrinsic pathway or contact activation pathway 

Intrinsic pathway begins when there is contact activation of FXII, in vitro, with 

negatively charged surface like glass and kaolin or proteins such as high molecular weight 

kininogen or prekallikrein. Activated form of FXIIa then triggers a cascade mechanism in which 

FXI is activated to FXIa first which in turn activates FIX to FIXa. A tenase complex is formed 

by FIXa-FVIIIa assembly on the surface of platelet membrane and activates FX to FXa in the 

presence of Ca
2+

 ions. The final few steps in intrinsic pathway involve the assembly of FXa and

FVa to form prothrombinase, which converts prothrombin to thrombin, and in turn cleaving 

fibrinogen to fibrin clot formation (Figure 1.2). In vivo, initial thrombin generated by extrinsic 

pathway leads to the activation of FXI to FXIa and therefore starting intrinsic coagulation 

cascade as described above. 

1.1.2.3 Procoagulant activity of platelets 

Activated platelets have high concentration of anionic phospholipids such as 

phosphatidyl serine exposed on its outer leaflet of plasma membrane. This activity requires 

scramblase and high concentration of Ca
2+ 

(34). This anionic surface can accelerate two of the

steps in blood coagulation cascade. One is the activation of FX by FIXa in intrinsic pathway and 

the other is the activation of prothrombin to thrombin by FXa in extrinsic pathway, in the 

presence of FVIIIa and FVa respectively. 
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1.2 ANTI-PLATELET ACTIVITY 

Nitric oxide (NO) produced by endothelial NO synthase (eNOS) from L-arginine and oxygen 

inhibits platelet adhesion to the endothelium. Agonists of eNOS include bradykinin, insulin, 

VEGF2, histamine and ATP (35). Prostacyclin (PGI2), produced from AA in a pathway 

involving the enzymes, cyclooxygenase (COX-1) and prostacyclin synthase, is also a potent 

inhibitor of platelet adhesion and also aggregation. Both NO and PGI2 are known vasoactive 

regulators which bring about vasodilation (36). 

1.2.1 Anti-platelet drugs 

Acetyl salicylate (aspirin) is a potent COX-1 antagonist. It acts by acetylating the 

aminoacid, Serine, at position 530 of COX-1, thus inhibiting TXA2 production (37). Platelet 

function can be inhibited by various other drugs. Abciximab is a monoclonal antibody and is a 

non-competitive antagonist of αIIbβ3 and thus can intervene with platelet aggregation. Eptifibatide 

and tirofiban on the other hand have RGD or similar sequence as in fibrinogen and therefore 

competitively inhibit fibrinogen binding to this receptor (38). The conversion of AA to TXA2 

involves an enzyme, COX-1, which is a potential antiplatelet drug target (39). Clopidogrel is an 

antagonist of P2Y12 and is used in combination with aspirin in several anti-platelet therapies 

(40).  

1.3 HEMOSTATIC DISORDERS 

1.3.1 Platelet disorders 

Von Willebrand disease is an inherited disorder in which vWf is impaired. Since FVIII 

circulates along with vWf as a stable complex, FVIII levels are also decreased in these patients 

(41). A synthetic peptide desmopressin, that mimics vasopressin and increases vWf, is used to 
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treat certain types of this disorder. Replacement therapy is an alternative method to treat VWD 

(42). Glanzmann’s thrombasthenia is a very rare autosomal recessive disorder where there is a 

loss of GPIIb/IIIa receptors and therefore platelets do not respond to the agonists ADP, AA, 

collagen, epinephrine and thrombin, but they do respond to ristocetin. Von Willebrand disease 

and Glanzmann’s thrombasthenia can also be acquired when autoantibodies are produced against 

vWf or the GPIIb/IIIa receptor respectively (43). A defective GpIb-IX-V complex leads to 

another rare autosomal recessive disorder, Bernard-Soulier syndrome (44), which needs platelet 

transfusion in case of severe bleeding. Following scramblase activity in activated platelets there 

is microvesicle formation required for prothrombinase activity and this is known to be defective 

in Scott syndrome (45). Deficiency in dense granules or α-granules or their secretory properties 

also lead to hemorrhagic disorders such as Gray platelet syndrome (46). 

1.3.2 THROMBOCYTOPENIA 

1.3.2.1 Chronic immune thrombocytopenic purpura (ITP) 

 In ITP, either platelets are destroyed or platelet production is reduced or both. A fusion 

protein, romiplostim, or a small molecule agonist, eltrombopag, mimics thrombopoietin in 

binding to c-mpl receptor and triggers Jak-Stat signaling pathway that leads to increased platelet 

production. These drugs are therefore used clinically in treating ITP (47,48).  But it is reported 

that some patients develop adverse effects to long term use of these drugs, such as thrombosis, 

very low levels of platelets after the drug is discontinued, hepatobiliary toxicity, develop 

antibodies against drugs, or  acute granulocytic leukemia. Alternatively, switching between the 

drugs is also suggested to circumvent the problem (49).    
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1.3.2.2 Thrombotic thrombocytopenic purpura (TTP) 

Inherited or acquired forms of TTP lack the ADAMTS-13 activity and therefore the 

patients are unable to cleave vWf. This lack of cleavage of vWf leads to clots in small blood 

vessels throughout the body and bleeding under the skin termed purpura. Platelets are captured 

and sequestered in this process leading to its decreased count (50). 

1.3.2.3 Other conditions leading to thrombocytopenia 

Thrombocytopenia is also observed in clinical conditions like sepsis and malaria. 

ADAMTS-13 levels were decreased in patients with sepsis (51). Observed thrombocytopenia in 

Plasmodium vivax malaria seems to associate with platelet phagocytosis (52). 

1.3.3 THROMBOCYTOSIS 

Too many platelets, on the other hand, can lead to various conditions such as stroke and 

heart attack. It can be categorized as primary thrombocythemia and secondary thrombocytosis. 

Primary or essential thrombocythemia is an acquired myelo-proliferative disorder involving bone 

marrow (53). Secondary thrombocytosis is due to underlying causes like cancer, iron deficiency 

anemia, chronic hepatitis C, or splenectomy (54) (55). 

1.3.4 DISORDERS OF SECONDARY HEMOSTASIS 

FVIII and FIX deficiencies lead to hemophilia A and B respectively, both of which are 

X-linked disorders. Other factor deficiencies such as FXI, which causes hemophilia C, are also 

identified. These patients are subjected to factor replacement therapy with specific recombinant 

proteins in which they are deficient. Traditionally it is believed that endothelial cells produce 

FVIII, but recent research in mouse model showed that hematopoietic cells can also produce and 

replenish this factor (56). Also, there exists other blood clotting factor deficiencies, such as FVII, 

FX, prothrombin deficiencies, etc.  
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1.4 ZEBRAFISH AS A VERTEBRATE MODEL 

Danio rerio, commonly called zebrafish, is a small tropical cyprinid fish that lives in 

shallow fresh water of Northern India. Adult fish measures 3-5cms in length (Figure 1.3). It has a 

short generation time of about 3 to 4 months. Female fish are able to spawn 2 to 3 times a week 

and release about 200 eggs in a single clutch. Eggs are fertilized externally by sperm released by 

males. In vitro-fertilization method and its optical transparency allow easy manipulation of 

embryo and monitoring its developmental stages under the microscope (57).  

George Streisinger introduced zebrafish as model system to study neuronal development 

(58). Currently this organism is adopted in various researches including hemostasis, angiogenesis 

and fin regenerative studies. The zebrafish genome is comprised of 25 chromosomes and the 

sequence was released as ninth assembly, Zv9, by Sanger institute and the gaps were filled by 

whole genome short-gun sequencing (WGS). The assembly consists of 1.4 Gb in 4560 scaffolds 

(59). 

Zebrafish was adapted to hemostasis field and shown to have similar molecular 

mechanisms similar to mammalian platelet function and blood coagulation system. Later, many 

assays were developed to study hemostasis in zebrafish including measuring the levels of various 

blood clotting factors (3), and laser injury, (60). Forward genetics using N-ethyl-N-nitrosourea 

(ENU) mutation was also possible in zebrafish (61). Various knockdown methods like vivo-

morpholino technology were established enabling reverse genetic studies in zebrafish (62) . 

1.5 ZEBRAFISH THROMBOCYTES 

Thrombocytes have a central nucleus and rounded appearance when they are inactive. 

They have open canaliculus system with the cytoplasmic vesicles connected to the tunneling 

10



folded structures of plasma membrane (Figure 1.4). They form pseudopodial structures when 

activated with agonists and form aggregates very similar to mammalian platelets (63). Various 

platelet specific membrane proteins such as ITG2AB (GPIIb/IIIa) were shown to express on the 

surface of thrombocytes. Two sub-populations of circulating thrombocytes, young and mature, 

were identified. It has been shown that young thrombocytes have relatively higher levels of 

GpIIb/GpIIb integrins, expressed on their surface. Young thrombocytes have comparatively 

more rough endoplasmic reticulum and more receptors than mature cells. Pseudopodia is 

comparatively longer in activated young thrombocytes (64). 

Thrombocytes in zebrafish are nucleated functional equivalents of platelets with several 

structural and functional similarities (65). They also respond to agonists such as ADP, collagen, 

ristocetin, and arachidonic acid in similar fashion like platelets. The factors required for 

hemostasis are well conserved in zebrafish (66). Several regulating factors involved in 

megakaryopoiesis are also found in thrombocytes (67) (68). Also platelet receptors were 

identified on thrombocytes (69). Since blood volume is a restricting factor in this model 

organism, it was overcome by developing microassays which requires only very few microliter 

volumes (66). Laser ablation method is a powerful global hemostatic assay developed to study 

the abnormalities resulting after knock down of genes of interest (69). gata-1 expression profile 

is shown by using G1-GM2 transgenic fish (70). 

1.6 MAMMALIAN HEMATOPOIESIS 

Blood cells arise from hematopoietic stem cells (HSCs) and involve two waves. During a 

primitive wave the erythroid progenitor cell which arises in the blood islands of extra-embryonic 

yolk sac gives rise to red cells and macrophages (71). During a definitive wave, HSCs arise in 

aorta-gonad-mesonephros (AGM) which migrate to liver and later to bone marrow, where it 
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gives rise to various blood cell lineages. HSC proliferates and differentiates progressively to 

common myeloid progenitor (CMP) and megakaryocyte-erythroid progenitor (MEP). Later, the 

megakaryocyte and erythroid lineages arise from these bi-potential MEPs (72). Megakaryocytes 

undergo nuclear polyploidization and range from 2N to 64N by endomitosis. This is followed by 

its cytoplasmic expansion and membrane demarcation (73). Platelets are then formed from 

megakaryocytes by fragmentation of its cytoplasmic extensions (74). Many transcription factors 

including RUNX, GATA-1, FLI-1, c-myb, Hox A10, have been shown to play a role in 

thrombopoiesis. Many growth factors including hepatocyte growth factor and thrombopoietin are 

also shown to play a key role in megakaryopoiesis and thrombopoiesis (75). Thrombopoietin is a 

cytokine which binds to its receptor c-mpl and regulate thrombocyte production through Jak2 

pathway. Activation of Jak2 in turn can lead to phosphorylation of tyrosine residues of c-mpl 

(76).  Even though a lot of transcription factors are shown to play a role in thrombopoiesis, 

complete understanding of the mechanism remains elusive. 

1.7 ZEBRAFISH THROMBOPOIESIS 

Zebrafish shares a common genetic programming of blood cell formation with other 

vertebrate animals. Like mammalian vertebrates, they experience similar waves of hematopoiesis 

during its lifetime. 

1.7.1 PRIMITIVE HEMATOPOIESIS 

A small portion of zebrafish endothelial cells and blood cells arise from a common 

bipotent cell called hemangioblast (77). These cells are present in the intermediate cell mass 

(ICM), which are derived from ventral mesoderm and are similar to blood islands of mammalian 

vertebrates. Primitive hematopoiesis occurs at the early gastrula stage of zebrafish development 

of about 5 h post fertilization (hpf) and give rise to red and myeloid cells (78). 
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1.7.2 DEFINITIVE HEMATOPOIESIS 

Hematopoietic stem cell (HSC) is the precursor cell giving rise to all the blood cell types. 

It retains the capacity to self-renew and have the potential to form all the blood cell types 

throughout the life time. During this second wave of hematopoiesis, HSC arises from the ventral 

wall of dorsal aorta of Aorta-Gonad-Mesonephros (AGM) (79). These cells migrate to caudal 

hematopoietic tissue (CHT) at 2 days post fertilization period (dpf), and later at 4 dpf they 

migrate to kidney marrow, which is the equivalent to the bone marrow in mammals (Figure 1.5) 

(80). 

1.8 ROLE OF HOX GENES IN PLATELET PRODUCTION 

hox genes code for transcription factors which play a vital role in homeostasis. They 

contain a 180 nucleotide homeobox, which encodes a 60 residues homeodomain, containing a 

helix-turn-helix (Figure 1.6). 

hox genes were first identified in Drosophila and it is shown that knockout of these genes 

lead to homeotic changes.  For example, antennapedia mutant fly developed legs on its head in 

place of antenna. In Drosophila, there are 8 hox genes present on chromosome 3 in two clusters, 

antennapedia complex (ANT-C), consisting of 5 genes, and bithorax complex (BX-C), consisting 

of 3 genes. They are present as four clusters in zebrafish and in human (Figure 1.6). 

 The role of various hox genes in hematopoietic cell proliferation, differentiation and  

lineage specifications were demonstrated extensively in recent years (81) (82). hoxa10 is found 

to be expressed in early megakaryocytes and shown to be regulated by GATA-1 and Fli-1. Also, 

hoxa11 which is present downstream on the 3’ end of hoxa10 is shown to affect hoxa10 (83). 

Mutation in hoxa11 is shown to be associated with amegakaryocytic thrombocytopenia with 

radio-ulnar synostosis (84). Microarray analysis done in our laboratory showed that five of the 
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hox genes, a10b, b2a, c5a, c11b and d3a, were highly expressed compared to red cells 

(unpublished) suggesting their role in thrombocyte development or function. BLAST analyses of 

sequences obtained from NCBI showed that each of these five hox genes express identical 

proteins similar to the corresponding protein in human (Figures 1.8a-e). 

1.9 THROMBOCYTE COUNTING METHODS 

Counting the number of thrombocytes is a diagnostic tool to interpret various clinical 

conditions. Various methods are available to count the number of thrombocytes in mammalian 

blood using large volumes. Recent fluorescence based method uses platelets for each 

measurement which needs more than 125 microliters of blood (85).  Therefore, these methods 

are limited for use in zebrafish field. The existing methods to count thrombocytes in zebrafish 

blood include directing counting method using hemocytometer and fluorescent based methods 

such as transgenic fish having GFP labeled thrombocytes, and antibody based labeling (86).  

1.9.1 HEMOCYTOMETER 

Traditionally, the peripheral blood was collected in anti-coagulant tubes, diluted and 

manually counted using a hemocytometer and a phase-contrast microscope. 

1.9.2 FLUORESCENCE BASED METHODS 

GPIIb (CD41) is a thrombocyte specific receptor essential for aggregation process and is 

expressed on the surface of thrombocytes. Biotinylated GPIIb antibody and the secondary 

antibody which has a fluorescent tag can be used to label thrombocytes specifically (87). Later, 

the labeled cells can be sorted and counted using flow cytometer (88). 

Alternatively, fish lines which express CD41-GFP on its thrombocytes are generated. 

This transgenic fish could be used for studies involving knockdown of gene and observing for 
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changes in the thrombocyte count. Blood from the knockdown fish and control fish is then 

compared by flow cytometric analysis (86). 

1.10 THROMBOCYTE FUNCTION ASSAYS 

Various thrombocyte function assays developed using very little volume of blood make 

zebrafish a powerful model for hemostatic studies. 

1.10.1 PLATE-TILT ASSAY 

Blood collected from the treated and non-treated fish is compared for their extent of 

aggregation which is measured as time taken for aggregation (TTA) (7). 

1.10.2 WHOLE BLOOD AGGREGOMETRY 

Recently, we have extended the electrode impedance aggregometry based method to 

measure the thrombocyte function by using small volumes of zebrafish blood (89). 

1.10.3 LASER ABLATION METHOD 

This is a global assay which measures all the key factors of hemostasis, vessel function, 

thrombocyte function and coagulation. After performing laser ablation to the blood vessel, the 

time taken for occlusion of the vessel (TTO) or time to adhesion of thrombocyte to the injured 

vessel (TTA) or dissolution of the thrombocyte aggregate (TTD) is recorded (60). 

1.11 KNOCKDOWN METHODS 

First use of dsRNA for knockdown in zebrafish was shown in 1999 which was later 

shown to elicit either an immune response that leads to overall reduction of mRNA levels or off-

target effects (90). Injecting synthetic small interference RNA (siRNA) was later shown to 

overcome this toxic effect and was successful in knocking down dystrophin gene expression 

(91). Vector based transfection eliminates the need for injecting high concentrations of siRNA 
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(92).  Knockdown method using anti-sense sequence to the target is commonly used in zebrafish. 

They act as translational blocks or spice blocks and ablate the gene function resulting in decrease 

of protein levels. The existing method to knockdown a gene of interest and study its role in 

hemostasis is to use morpholinos or vivo-morpholino technology (93). Morpholinos are analogs 

of antisense oligonucleotide. They differ by having a six membered morpholine ring instead of 

ribose. This technology is widely adopted and successfully used in zebrafish research. 

Morpholinos are injected in the one cell stage of the zebrafish embryo. In such studies involving 

embryos and larvae, knocking down certain genes can be detrimental to development of the 

organism and affect the observation. Vivo-morpholinos are more powerful since it can be use in 

studies involving adult zebrafish eliminating the need for embryos to study hemostasis. The 

octaguanidine dendrimer delivery moiety and the custom made antisense sequence attached to it 

are the key structural features of vivo-morpholinos. The custom made anti-sense morpholinos 

can therefore be delivered into adult zebrafish, with ease, by simple intravenous injections. 

Blood harvested from these knockdown fish can be analyzed after 48 hours post-injection for 

hemostatic changes  (7). A systematic genome-wide knockdown of all the genes in the zebrafish 

genome and observing for their phenotypic changes in hemostasis is a good approach, to identify 

all the key players involved in hemostatic process. Yet, there is no available cost-effective 

method of knockdown for such large scale studies. 

1.12 KNOCKOUT METHODS 

Recently, zinc finger nucleases (ZFNs) or transcription activator like effector nucleases 

(TALENs) are engineered to have a DNA binding domain to aid their binding, specifically to 

target sequence, and cut the DNA strand with their nuclease activity (94) (95). However, 

engineering the target-specific domains in these enzymes remain challenging and requires 
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expertise. Currently, site specific bi-allelic genome editing using clustered regularly interspaced 

short palindromic repeats (CRISPR) Type II system is the gene targeting technology as choice. 

In this technology, guide RNA (gRNA) is designed by combining the target-specific binding and 

scaffolding properties. CRISPR associated endonuclease such as Cas9 recognizes a proto-spacer 

adjacent motif (PAM) immediately upstream of the target sequence and makes a double stranded 

break. Homologous or non-homologous repair results in genomic editing (96). 
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1.13 OVERALL AIMS AND HYPOTHESIS 

Thrombocytes are nucleated blood cells which are functionally equivalent to mammalian 

platelets and play a central role in hemostasis. They also possess features of megakaryocytes 

because they have transcriptional machinery similar to that found in megakaryocytes.  It has 

been shown earlier that hox genes play a role in megakaryocyte development (97). However, 

there is no comprehensive study of a genome wide scan of all the hox genes to test which hox 

genes play a role in megakaryopoiesis. The goals of this study are to comprehensively 

knockdown hox genes to identify the specific hox genes involved in the development of 

thrombocytes in zebrafish. 

From our earlier microarray analysis, five of the hox genes, hoxa10b, hoxb2a, hoxc5a, hoxc11b 

and hoxd3a, showed greater than a two-fold level of expression of mRNAs for the above genes 

in the thrombocytes when compared to red cells. It was also shown by our lab that there are two 

populations of circulating thrombocytes, DiI+ cells (young thrombocytes) and DiI- cells (mature 

thrombocytes) (87). In our preliminary study, we tested for the differential expression of these 

hox genes in both young and mature thrombocytes by RT-PCR. We found all these five genes 

were expressed in both young and mature thrombocytes; however, hoxc11b was expressed only 

in young thrombocytes and not in mature thrombocytes. Therefore, we hypothesize that these 

hox genes have a transcriptional control of thrombopoiesis. 

I will be using Danio rerio (zebrafish) for this study since it is already a proven vertebrate 

model for the study of hemostasis. Various micro assays developed earlier in our laboratory 

enabled knockdown analysis of hemostasis in fish. To perform knockdowns of these genes and 

test for the number of thrombocytes, the available techniques were both either cumbersome or 

required breeding and production of fish where thrombocytes are GFP labeled. Therefore, 
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developing an alternative method of counting the number of thrombocytes is necessary. Also, 

the existing in vivo-morpholino method of knockdown in adult zebrafish is not feasible to 

conduct genome-wide knockdown study. Hence, developing a novel cost-effective method is 

important for such studies. The hypothesis that hox genes play a role in thrombopoiesis will be 

tested with the following specific aims: 

Specific Aim 1: To develop a cost-effective method of knockdown in adult zebrafish. 

Hypothesis: Delivery of antisense oligonucleotide to the target mRNA into the cell by 

piggybacking as a hybrid with standard vivo-morpholino should be possible and such a hybrid 

should result in effective knockdown of a gene. 

Approach:  a) An antisense deoxynucleotide sequence was designed for αIIb mRNA and 

annealed to standard vivo-morpholino. This mixture was later injected into adult zebrafish. 

Blood harvested from antisense hybrid injected fish was compared with control injected fish 

blood for αIIb mRNA and protein levels. The levels of αIIb mRNA were measured by RT-PCR 

method and real time RT-PCR. The protein level was verified by western blot technologies. 

Thus, a method of knockdown method was established which has the potential to be applicable 

for large scale knockdowns in adult zebrafish. 

Specific Aim 2: To develop a flow cytometry based method for counting the number of 

thrombocytes. 

Hypothesis: Mepacrine at a given concentration differentially labels the blood cells which can 

be exploited to separate and count the number of thrombocytes. 

Approach: a) The blood cells were labeled in vitro with mepacrine and subjected to flow 

cytometric analysis yielding 4 populations of cells. Larger population had contained both red 

cells and thrombocytes even though there was a slight demarcation. To clearly separate 
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thrombocytes from red cells the labeled cells were centrifuged to remove the red cells. The 

remaining white cell fraction was analyzed in C6 Accuri flow cytometer and the thrombocyte 

population was identified. b) c-mpl was knocked down and the blood from fish was analyzed to 

validate the method of counting. c) Kinetic study was also performed to on aggregation by 

treating the blood sample with and without the presence of various agonists, such as ADP, 

collagen and arachidonic acid and measuring the extent of aggregation. d) Knockdown of the 

candidate gene of thrombocyte aggregation, αIIb and measurement of the extent of aggregation 

further validated this method to monitor thrombocyte function. This allowed us to count the 

number of thrombocytes by flow cytometry and using small volume of fish blood, which is 

otherwise restrictive. Also, measuring the thrombocyte aggregation using mepacrine and flow 

cytometer overcomes the need for a specific use of GFP thrombocytes. 

Specific Aim 3:  To analyze the levels of hox gene transcripts in young and mature 

thrombocytes. 

Hypothesis: Measuring the differential expression of thrombocyte upregulated hox genes in 

young and mature may provide an insight into maturation of thrombocytes. 

Approach: Young thrombocytes and mature cells were separated from adult zebrafish blood, by 

differential antibody labeling technique. RNA, isolated from each of these sub-populations, 

were reverse transcribed and amplified using specific primers designed for each of the five hox 

genes. This study enabled us to understand which of the hox genes are expressed differentially 

between young and mature thrombocytes. 

Specific Aim 4: To knockdown each of the selected hox genes and identify their effect on 

thrombocytes count. To perform a genome-wide knockdown of all the hox genes in the 

zebrafish genome and to identify all possible hox genes that play a role in thrombopoiesis. 
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Hypothesis: A systematic knockdown of all hox genes in zebrafish genome and measuring the 

number of thrombocytes will identify hox genes that regulate thrombopoiesis.  

Thrombocyte-specific hox genes which were identified by microarray anaylsis were 

knocked down and the number of thrombocytes was counted using the methods developed in 

earlier aims. Subsequently, all hox genes in zebrafish ENSEMBL database were selected for 

knockdown and screened for which of these hox genes play a role in thrombopoiesis. 

SIGNIFICANCE OF THE STUDY 

The results of this current research advanced our knowledge on differential expression of 

thrombocyte-specific hox genes in the two sub-populations of thrombocytes. Also, the study 

identified the potential positive and negative regulators of thrombocytes development for future 

studies. Furthermore, the study provided proof-of-principle for future large-scale knockdowns 

and screening experiments by the piggyback knockdown method using flow cytometry based 

method. In addition, this study forms the basis to further explore whether inhibitors for hoxc11b 

can be developed to treat thrombocytopenic conditions. 
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FIGURES 

Figure 1.1: Schematic representation of primary hemostasis. SEM, sub-endothelial matrix; 

EC, endothelial cell layer; P, platelets; L, lymphocytes; RBC, red blood cells. Figure shows 

activated platelets interacting with sub-endothelial collagen at the injured site and forming 

aggregates.  
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Figure 1.2: Schematic representation of intrinsic and extrinsic coagulation cascade 

(Secondary hemostasis). Extrinsic pathway is shown on right side which is initiated by 

circulating FVIIa when it complexes with FIII. Intrinsic pathway shown on the left gets initiated 

in the presence of negatively charged surface such as HMWK, high molecular weight kininogen. 

Both the pathways converge at FX formation in common pathway which results in fibrin 

formation and blood clot. 
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Figure 1.3: Adult Zebrafish. The left one is a female adult ZF with bluish-white stripes and 

protruding belly. Right one is a male fish with dark blue stripes and slender body. Ventral side of 

male fish has more golden appearance compared to female fish. 
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Figure 1.4: Electron Micrograph of Zebrafish Thrombocyte. N - Central Nucleus; OCS – 

Open Canaliculus System (63). Picture shows a central nucleus and a thin cytoplasm. 

Thrombocytes show OCS which are folded structures of plasma membrane similar to platelets. 
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Figure 1.5: Schematic representation of definitive hematopoiesis in larval zebrafish. Y: 

Yolk sac, YE: Yolk Extension, DA: Dorsal Aorta, DV: Dorsal Vein, CA: Caudal Artery, CV: 

Caudal Vein, CHT: Caudal Hematopoietic Tissue, AGM: Aorta-Gonad-Mesonephros, K: 

Kidney marrow. Yellow arrows show the migration of hematopoietic stem cells from AGM to 

CHT at 2 dpf  and to K 4dpf (98). K is equivalent to mammalian bone marrow where all blood 

cells are produced from hematopoietic stem cells (shown in green).  
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Figure 1.6: Homeodomain (α-helix-turn-α-helix) of Hoxc11b. The protein, Hoxc11b, 

consists of 306 amino acids in which amino acids 234-296 form a homeodomain of 62 amino 

acids. Homeodomain forms 3 α-helices as represented above. The image was created using 

sequence obtained from ENSEMBL and SWISS-MODEL tools (99). 
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Figure 1.7: hox clusters in Drosophila melanogaster and Danio rerio.  a) Two clusters of 

hox genes in Drosophila melanogaster, consisting of total 8 genes involved in body patterning. 

b) hox clusters in zebrafish showing 4 clusters of hox genes with duplication of certain genes.

Orthologues are shown in same color (ENSEMBL). 
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Figure 1.8a: BLAST analysis of zebrafish Hoxa11b and human Hoxa11 proteins. The 

sequences were obtained from NCBI database. Query sequence corresponds to ZF Hox protein, 

while the subject sequence is that of human Hox protein. The percentage identity is shown in 

Table 1.1.

Query  1    MSCSDSPSGNSFLVDSLIHGRSEGSGHYYQNSG------------VYLQPTSEYSYGLSN  48 

MSCS+SP+ NSFLVDSLI      +G     +G            VYL P ++  YGL + 

Sbjct  1    MSCSESPAANSFLVDSLISSGRGEAGGGGGGAGGGGGGGYYAHGGVYLPPAADLPYGLQS  60 

Query  49   CGYFS--GLKRNESNSQNVVPTC----------GPYQGMETWLETSRSCRIEQPNSQ---  93 

CG F   G KRNE+ S                 GP   ++ WL+  RSCR+E P+

Sbjct  61   CGLFPTLGGKRNEAASPGSGGGGGGLGPGAHGYGP-SPIDLWLDAPRSCRMEPPDGPPPP  119 

Query  94   -----------------ITPRSFSPTIKEENSYCLYES-EKCPK--ETITEDISYSR-LT  132 

T  SF+  IKEE+SYCLY+S +KCPK   T  E   + R

Sbjct  120  PQQQPPPPPQPPQPAPQATSCSFAQNIKEESSYCLYDSADKCPKVSATAAELAPFPRGPP  179 

Query  133  PNSCPSSNNNGCVPVPGYFRLSQTCTTSKGFTDNQTIPTHVV-----AQRSTR-FD--SS  184 

P+ C    ++G VPVPGYFRLSQ   T+KG+         +      AQ   R FD   + 

Sbjct  180  PDGCALGTSSG-VPVPGYFRLSQAYGTAKGYGSGGGGAQQLGAGPFPAQPPGRGFDLPPA  238 

Query  185  LSAIAAEASRDE----SDEPPTCAPCAPGR----NKELRGSTGTAS--SPEPPDSPEKAV  234 

L++ +A+A+R E    S  PPT A C  G     ++E   S+  A   SP P +S + +  

Sbjct  239  LASGSADAARKERALDSPPPPTLA-CGSGGGSQGDEEAHASSSAAEELSPAPSESSKASP  297 

Query  235  TVTKAGDSKSESTANWLTAKSGRKKRCPYTKHQTLELEKEFLFNMYLTRERRLEISRSVH  294 

G+SK E+ ANWLTAKSGRKKRCPYTKHQTLELEKEFLFNMYLTRERRLEISRSVH 

Sbjct  298  EKDSLGNSKGENAANWLTAKSGRKKRCPYTKHQTLELEKEFLFNMYLTRERRLEISRSVH  357 

Query  295  LTDRQVKIWFQNRRMKLKKMSRENRIRELSANFSFS  330 

LTDRQVKIWFQNRRMKLKKM+RENRIREL+ANF+FS 

Sbjct  358  LTDRQVKIWFQNRRMKLKKMNRENRIRELTANFNFS  393 

a) hoxa11b
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Figure 1.8b: BLAST analysis of zebrafish Hoxb2a and human Hoxb2 proteins. The 

sequences were obtained from NCBI database. Query sequence corresponds to ZF Hox protein, 

while the subject sequence is that of human Hox protein. The percentage identity is shown in 

Table 1.1.

Query  1    MNFEFEREIGFINSQPSLAECLTSFPAVLESFQTSSIKDSTAIPPP--FEHTIPSLSPCT  58 

MNFEFEREIGFINSQPSLAECLTSFPAVLE+FQTSSIK+ST IPPP  FE T PSL P

Sbjct  1    MNFEFEREIGFINSQPSLAECLTSFPAVLETFQTSSIKESTLIPPPPPFEQTFPSLQPGA  60 

Query  59   GNQARPRSQKRTASNGLQLRTQTAPPTQHQQGPAPLSGGAPLAHEFPWMKEKKSSKKCPK  118 

RPRSQKR A +G  L     PP                A EFPWMKEKKS+KK

Sbjct  61   STLQRPRSQKR-AEDGPALPPPPPPPLPAAP----------PAPEFPWMKEKKSAKK---  106 

Query  119  PGATAAAAAASPSQASSGYTTAGLESPTEIQGGLD-NVSGSRRLRTAYTNTQLLELEKEF  177 

+ +A SPS A+S    +G+ SP +  G  +    G+RRLRTAYTNTQLLELEKEF 

Sbjct  107  ----PSQSATSPSPAASAVPASGVGSPADGLGLPEAGGGGARRLRTAYTNTQLLELEKEF  162 

Query  178  HFNKYLCRPRRVEIAALLDLTERQVKVWFQNRRMKHKRQTTHHRDGQEGEPSGFDLLEGT  237 

HFNKYLCRPRRVEIAALLDLTERQVKVWFQNRRMKHKRQ T HR+  +GEP+    LE

Sbjct  163  HFNKYLCRPRRVEIAALLDLTERQVKVWFQNRRMKHKRQ-TQHREPPDGEPACPGALE--  219 

Query  238  DASSPYSSQSLEVSGSGSAAPSESETCPTTAAYTNSSDKSQPTP----EEGQASQPEPAS  293 

D   P + +     G  SA+ +  E C         +  + P P     EG       AS 

Sbjct  220  DICDP-AEEPAASPGGPSASRAAWEACCHPPEVVPGALSADPRPLAVRLEGAG-----AS  273 

Query  294  VPDTAVHSPPYPTPTADNPTTMAEGRAAG--PEHSFTEPQDATSLPDLNFFSTDSCLQIS  351 

P  A+                A G   G  PE  F+  QD+  LPDLNFF+ DSCLQ+S 

Sbjct  274  SPGCALRG--------------AGGLEPGPLPEDVFSGRQDSPFLPDLNFFAADSCLQLS  319 

Query  352  DALSPSLQSSLDSPVDFSEEDFDLFTSTLCTIDLQ  386 

LSPSLQ SLDSPV FSEE+ D FTSTLC IDLQ 

Sbjct  320  GGLSPSLQGSLDSPVPFSEEELDFFTSTLCAIDLQ  354

b) hoxb2a
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Figure 1.8c: BLAST analysis of zebrafish Hoxc5a and human Hoxc5 proteins. The 

sequences were obtained from NCBI database. Query sequence corresponds to ZF Hox protein, 

while the subject sequence is that of human Hox protein. The percentage identity is shown in 

Table 1.1.

Query  1    MSSYVGKSFSKQTQDASSCRMHTFDNYGAHSEFHESNYAYEGLDLGGSFSSQIPTNSLRR  60 

MSSYV  SF KQ+ +  +  M T  NYG+ SE   S Y Y GLDL  +F    P+NSL

Sbjct  1    MSSYVANSFYKQSPNIPAYNMQTCGNYGSASEVQASRYCYGGLDLSITFPPPAPSNSL--  58 

Query  61   EAINTTDRARSSAAVQRTQSCSALGSRSFVSTHG-YNPLSHGLLSQKAEGNMEVMEKPSG  119 

+  D A +  A     +CSA  +           PL+ G+ SQKA      +E+

Sbjct  59 ---HGVDMAANPRAHPDRPACSAAAAPGHAPGRDEAAPLNPGMYSQKAA--RPALEE---  110 

Query  120  KSSRRYQNGDYFSDKQQTNSTQ--RQNQSQPQIYPWMTKLHMSHESDGKRSRTSYTRYQT  177 

R   +G+   ++ QT       Q  + PQIYPWMTKLHMSHE+DGKRSRTSYTRYQT 

Sbjct  111  ---RAKSSGEIKEEQAQTGQPAGLSQPPAPPQIYPWMTKLHMSHETDGKRSRTSYTRYQT  167 

Query  178  LELEKEFHFNRYLTRRRRIEIANNLCLNERQIKIWFQNRRMKWKKDSKLKVKGGL  232 

LELEKEFHFNRYLTRRRRIEIANNLCLNERQIKIWFQNRRMKWKKDSK+K K  L 

Sbjct  168  LELEKEFHFNRYLTRRRRIEIANNLCLNERQIKIWFQNRRMKWKKDSKMKSKEAL  222 

c) hoxc5a
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Figure 1.8d: BLAST analysis of zebrafish Hoxc11b and human Hoxc11 proteins. The 

sequences were obtained from NCBI database. Query sequence corresponds to ZF Hox protein, 

while the subject sequence is that of human Hox protein. The percentage identity is shown in 

Table 1.1.

Query  1    MFNSVNIGNFCSQSRKERTSEFGERASCASNLYLPS-TYYVPEFSTVSSFLPQAQSRQIT  59 

MFNSVN+GNFCS SRKER ++FGER SCASNLYLPS TYY+PEFSTVSSFLPQA SRQI+ 

Sbjct  1 MFNSVNLGNFCSPSRKERGADFGERGSCASNLYLPSCTYYMPEFSTVSSFLPQAPSRQIS  60 

Query  60   YSYSTNFTQVPQVRDLPFELNPSGKWHHRGNYSSCYAEED-LVHRDCLPPSATMTEMLMK  118 

Y YS    QVP VR++ + L PSGKWHHR +YSSCYA  D L+HR+CLPPS T+TE+LMK 

Sbjct  61   YPYSA---QVPPVREVSYGLEPSGKWHHRNSYSSCYAAADELMHRECLPPS-TVTEILMK  116 

Query  119  NENVYNHHHYHPAINHPGTGFYSSIGKTNVLPQSFDRFLDCAQ-SGADGGSEGNCLQKG-  176 

NE  Y  HH+  A +    GFYSS+ K +VLPQ+FDRF D A   G D  +E  C  KG  

Sbjct  117  NEGSYGGHHHPSAPHATPAGFYSSVNKNSVLPQAFDRFFDNAYCGGGDPPAEPPCSGKGE  176 

Query  177  SSGKPESASQVSSVLRSTADGEKELECEKNTTSGSFETSSGTKNDNQTKSGHSTTPRMRK  236 

+ G+PE+    +S L S A+   E E E+  T+ S   S+ +      K      PR RK 

Sbjct  177  AKGEPEAPP--ASGLASRAEAGAEAEAEEENTNPSSSGSAHSVAKEPAKGAAPNAPRTRK  234 

Query 237  KRCPYTKFQIRELEREFFFNVYINKEKRLQLSRILNLTDRQVKIWFQNRRMKEKKLSRDR  296 

KRCPY+KFQIRELEREFFFNVYINKEKRLQLSR+LNLTDRQVKIWFQNRRMKEKKLSRDR 

Sbjct  235  KRCPYSKFQIRELEREFFFNVYINKEKRLQLSRMLNLTDRQVKIWFQNRRMKEKKLSRDR  294 

Query  297  LHYFSGNPLM  306 

L YFSGNPL+ 

Sbjct  295  LQYFSGNPLL  304 

d) hoxc11b
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Figure 1.8e: BLAST analysis of zebrafish Hoxd3a and human Hoxd3 proteins. The 

sequences were obtained from NCBI database. Query sequence corresponds to ZF Hox protein, 

while the subject sequence is that of human Hox protein. The percentage identity is shown in 

Table 1.1.

Query  1    MQKATYYDNAGLFGGYSYPKS-DSYTYGPTHQGF----SSSSIENDYQSPICPIQTTS-V  54 

MQKA YY+N GLFGGY Y K+ D+Y Y   HQ +    ++SS++ DY    C IQ+++ + 

Sbjct  17   MQKAAYYENPGLFGGYGYSKTTDTYGYSTPHQPYPPPAAASSLDTDYPGSACSIQSSAPL  76 

Query  55   RQATHKNGDINGSCMRPSASQG------------NSQPESISEQQQAAPLAASSPSPSTN  102 

R   HK  ++NGSCMRP                 NS+ +          L  SSP+

Sbjct  77   RAPAHKGAELNGSCMRPGTGNSQGGGGGSQPPGLNSEQQPPQPPPPPPTLPPSSPTNPGG  136 

Query  103  STQKKKSPSSNGSSTATPVISKQIFPWMKETRQNAKQKSTNCPAAGETCDDKSPPGPASK  162 

KK      +S+++  ISKQIFPWMKE+RQN+KQK++ C  AGE+C+DKSPPGPASK 

Sbjct  137  GVPAKKPKGGPNASSSSATISKQIFPWMKESRQNSKQKNS-CATAGESCEDKSPPGPASK  195 

Query  163  RVRTAYTSAQLVELEKEFHFNRYLCRPRRVEMANLLNLTERQIKIWFQNRRMKYKKDQKS  222 

RVRTAYTSAQLVELEKEFHFNRYLCRPRRVEMANLLNLTERQIKIWFQNRRMKYKKDQK+ 

Sbjct  196  RVRTAYTSAQLVELEKEFHFNRYLCRPRRVEMANLLNLTERQIKIWFQNRRMKYKKDQKA  255 

Query 223  KGIMHSPLGHSPDRSPPLSG-SNHIGYSGQLPNVNSLSYDAPSPPSFAKPQQNIYGLAAY  281 

KGI+HSP   SP+RSPPL G + H+ YSGQLP V  L+YDAPSPP+FAK Q N+YGLAAY 

Sbjct  256  KGILHSPASQSPERSPPLGGAAGHVAYSGQLPPVPGLAYDAPSPPAFAKSQPNMYGLAAY  315 

Query  282  TAPLGGCIPQQKRYPGTEYDHHSMQGN-GSFANANLQSSPVYVGGNFVDSM-PASGPMFN  339 

TAPL  C+PQQKRY   E++ H M  N G FA+ANLQ SPVYVGGNFV+SM PASGP+FN 

Sbjct  316  TAPLSSCLPQQKRYAAPEFEPHPMASNGGGFASANLQGSPVYVGGNFVESMAPASGPVFN  375 

Query  340  LGHLPHPSSASVDYSCAAQIPGNHHHGPCDPHPTYTDLSSHHASQGRLQDAPKLTHL  396 

LGHL HPSSASVDYSCAAQIPGNHHHGPCDPHPTYTDLS+HH+SQGRL +APKLTHL 

Sbjct  376  LGHLSHPSSASVDYSCAAQIPGNHHHGPCDPHPTYTDLSAHHSSQGRLPEAPKLTHL  432 

e) hoxd3a
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TABLES 

 

Table 1.1: BLAST analyses scores. Table shows the scores obtained for BLAST analyses of 

zebrafish Hox proteins with the corresponding Hox protein in human. 

Danio rerio Homosapiens Score Expect Method Identities Positives Gaps

a) hoxa10b NP_571230.1 AAH13971.1 266 bits(679) 2.00E-84 Compositional matrix adjust.188/396(47%) 229/396(57%) 69/396(17%)

b) hoxb2a NP_571191.1 NP_002136.1 333 bits(853) 9.00E-112 Compositional matrix adjust.215/395(54%) 242/395(61%) 50/395(12%)

c) hoxc5a NP_571219.1 NP_061826.1 226 bits(577) 8.00E-73 Compositional matrix adjust.127/235(54%) 148/235(62%) 16/235(6%)

d) hoxc11b XP_009298848.1 NP_055027.1 370 bits(950) 1.00E-126 Compositional matrix adjust.200/310(65%) 231/310(74%) 10/310(3%)

e) hoxd3a NP_571200.1 NP_008829.3 522 bits(1344) 0 Compositional matrix adjust.271/417(65%) 315/417(75%) 22/417(5%)
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CHAPTER 2 

DEVELOPMENT OF A NOVEL AND COST-EFFECTIVE METHOD OF KNOCKDOWN 

(This chapter is presented in its entirety from Sundaramoorthi, H., Khandekar, G., Kim, S., and 

Jagadeeswaran, P, “Knockdown of αIIb by RNA degradation by delivering 

deoxyoligonucleotides piggybacked with control vivo-morpholinos into zebrafish thrombocytes” 

Blood Cells, Molecules, and Diseases 54, 78-83, (2015) with permission from Taylor and 

Francis, http://authorservices.taylorandfrancis.com/copyright-and-you/#link5) 

2.1 INTRODUCTION 

Antisense deoxyoligonucleotides have previously been used to successfully inhibit gene 

function (1,2). Unfortunately, nuclease degradation of these single-stranded standard 

oligonucleotides (SOs) results in a short half-life for these SOs and has prompted subsequent 

designs of modified oligonucleotides, such as phosphorothioates (3) and morpholino 

oligonucleotides (MOs) (4). However, cell culture models have indicated that phosphorothioates 

have a limited ability to enter cells and upon entry have caused cell toxicity (5-7). In contrast, 

studies of MOs injected into 1–8 cell stage zebrafish embryos have demonstrated that MOs 

easily diffuse into cells via cytoplasmic bridges, were not toxic, and suppressed protein 

expression either by altering the splicing mechanism or by translational blocking (8,9). Thus, 

these MOs have been commonly used to study gene function in the zebrafish model. However, 

since this technology is only effective for approximately 8 days post injection, and since it is 

difficult to study biochemical pathways of thrombocyte function in embryos after knockdown, it 

was essential to find a more effective method to study their function in adult zebrafish. At that 

time, the newly available vivo-morpholino (VMO) had been shown to enter into tissues, 

resulting in successful knockdowns of gene function in adult mice (10,11). In this VMO method, 

dendrimeric octaguanidine moieties are conjugated to MOs. I introduced the application of this 

VMO technology to adult zebrafish and was successful in the knockdown of integrin, αIIb 

(itga2b, or simply  referred as αIIb) (12). Since then, a number of gene knockdowns have been 

50



performed in adult zebrafish with efficiencies no less than 50% (13-19). However, custom-

ordering multiple VMOs to study thrombocyte function via genome-wide knockdowns would be 

considerably expensive. Thus, I hypothesized that if I could create a hybrid that could easily 

enter cells by piggybacking an SO antisense to a target mRNA sequence onto a readily available 

control VMO (cVMO), then this hybrid could bind to the target mRNA leading to mRNA 

degradation and resulting in gene knockdown and subsequent suppression of protein expression. 

In this study, proof-of-principle was demonstrated by knockdown of the αIIb gene since this 

gene has been established as a target to validate knockdown technology in studies involving 

thrombocyte function (12,20). 

2.2 MATERIALS AND METHODS 

2.2.1 ZEBRAFISH AQUACULTURE 

3.1.1 Adult zebrafish were maintained at 28°C in deionized water supplemented with Instant 

Ocean. Approval for all the experiments described below was obtained from the University of 

North Texas-Institutional Animal Care and Use Committee. 

2.2.2 SO/VMO HYBRID PREPARATION 

cVMO (5′-CCTCTTACCTCAGTTACAATTTATA-3′) was purchased from Gene-Tools 

LLC, Philomath, OR. An αIIb specific antisense SO(αSO) (5′-

CTCGATAATCAGCAGCGCTGGATTCTATAAATTGTAACTG-3′), and a control sense SO 

(cSO)(5′-GAATCCAGCGCTGCTGATTATCGAGTATAAATTGTAACTG-3′) were purchased 

from either Invitrogen, Carlsbad, CA or Sigma Inc., St. Louis, MO. 4.5 μl of 0.5 mM cVMO was 

mixed with 4.5 μl of 0.5 mM of either αSO or cSO and 1 μl of 10× oligohybridization buffer 

containing 500 mM NaCl, 10 mM Tris–Cl (pH 8.0), and 1 mM EDTA (pH 8.0). Hybrids of 
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αSO/cVMO and cSO/cVMO were prepared by heating the above mixture to 90 °C and slowly 

cooling to room temperature. 

2.2.3 ZEBRAFISH INJECTIONS AND BLOOD COLLECTION 

Adult zebrafish were anesthetized and injected intravenously with 5 μl of either 

αSO/cVMO or cSO/cVMO using a 27G × 1 1/4 needle as described previously (12). For RT-

PCR, quantitative RT-PCR, and time to aggregation assay (TTA) analyses, blood samples were 

collected after 48 h. To obtain blood samples used for Western blots and immunostaining, 

injected adult zebrafish were injected with either αSO/cVMO or cSO/cVMO and these injections 

were injected in the same fish after an interval of 24 h. Blood samples were collected after an 

additional 24 h. All blood samples were obtained by clipping the caudal artery and 2 μl of blood 

was collected with a pipette tip as described previously (21). 

2.2.4 RT-PCR AND QUANTITATIVE RT-PCR USING ADULT ZEBRAFISH 

THROMBOCYTES 

I injected seven adult zebrafish with cSO/cVMO and seven fish with αSO/cVMO. The 

blood was collected from each fish (21) and was centrifuged at 500 g (21) and the thrombocyte 

enriched white cell layer was used to amplify αIIb mRNA using the cell to cDNA kit (Agilent 

Technologies, LaJolla, CA). RT-PCR was performed as previously described (22) and the 

amplified products were resolved on 1.5% agarose gels. For internal control I amplified ef1-α. In 

the RT-PCR reactions, I used forward primer 5′-CGGTGACAACATGCTGGAGG-3′ and 

reverse primer 5′-ACCAGTCTCCACACGACCCA-3′ for ef1-α and forward primer 5′-

GCGTCAACAGAACCAATCCT-3′ and reverse primer 5′-ACACCAAGGCACTGAAATCC-3′ 

for αIIb. All the primers used in RT-PCR reactions were purchased from either, Invitrogen, 

Carlsbad, CA or Sigma Inc., St. Louis, MO. 
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The relative mRNA levels were quantified by comparing the band intensities of the 

amplified products in agarose gels using ImageJ software (NIH). The relative ratio of intensities 

between αIIb and ef1-α of each sample was calculated by measuring the αIIb band intensity in a 

given lane and dividing this value by the ef1-α internal control band intensity from the same lane. 

All data were plotted as relative ratios. Quantitative RT-PCR was performed using BioRad iQ5 

machine on both control and knockdown sample RNAs which were prepared as described above 

using the same set of primers and included SYBR Green dye in the reaction mixture. Each 

sample was normalized to ef1-α cDNA, and relative gene expression was plotted using the 

calculations based on fold changes (ΔΔCt) (23). 

2.2.5 IMMUNOSTAINING OF THROMBOCYTES 

To determine αIIb expression on the thrombocyte surface, six zebrafish were injected 

with αSO/cVMO and six fish with cSO/cVMO. Blood from each fish was smeared on individual 

slides and was immunostained as previously described (12). The slides were fixed with ice-cold 

70% ethanol for 15 min and then washed three times with 1×PBS. The blood cells were 

incubated with 20 μl of the anti-αIIb antibody described below for 1.5 h at 25°C and then washed 

three times with 1×PBS (12). The slides were then incubated with FITC-conjugated rabbit anti-

sheep IgG (Sigma-Aldrich, St. Louis, MO) for 1.5 h, washed with 1× PBS, and briefly rinsed 

with water. The images of 17 thrombocytes from each slide were captured using a Nikon Eclipse 

80i microscope. A total of 102 images were captured from the control and the experimental 

groups. The intensities of thrombocytes were measured by NIS Elements AR 2.30 software from 

Nikon, and the mean intensity from each group was calculated and statistically analyzed as 

described below. 
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2.2.6 WESTERN BLOTTING 

Individual adult zebrafish were injected with either cSO/cVMO (control) or αSO/cVMO 

(knockdown) and collected blood after 48 h as described above. Three fish were used in both 

control and knockdown groups. The thrombocyte-rich white cell fraction of the blood from each 

fish was isolated by centrifugation at 500 g for 2min. The cell fraction was boiled in an equal 

volume of 2× Laemmli Sample Buffer (BIORAD) for 10 min and was split into two equal 

portions. These samples were then resolved by two separate SDS/9% polyacrylamide gels and 

transferred to PVDF membranes for Western blotting. These membranes were incubated with 

1% bovine serum albumin in 50 mM Tris buffered saline (pH 7.4) containing 0.1% Tween-20 

(TTBS) for 1 h at room temperature followed by overnight incubation of the membranes in 

TTBS containing primary antibody for either αIIb or β-tubulin  (1 mg/ml) diluted at 1:1000. 

After washing with TTBS, the membranes were reacted with alkaline phosphatase-conjugated 

secondary antibody diluted at 1:2000 in TTBS for 1 h at room temperature followed by washing 

with TTBS. The membranes were stained with 20 ml of the alkaline phosphatase substrate 

NBT/BCIP (Sigma Inc., St. Louis,MO). αIIb primary antibody was custom-ordered as rabbit 

polyclonal antisera raised against the zebrafish αIIb heavy chain peptide (Alpha Diagnostic, Inc., 

San Antonio, TX) as described previously (12). β-tubulin primary antibody (Santa Cruz 

Biotechnology Inc. Dallas, TX) was used as the internal control. Secondary antibody was anti-

rabbit IgG conjugated to alkaline phosphatase obtained from Sigma Inc., St. Louis, MO. The 

protein levels from the Western blots were quantified by comparing the intensities of the protein 

bands from each sample using ImageJ software. The relative ratio of intensity of a given sample 

was calculated by measuring the αIIb band intensity and dividing this value by the β-tubulin 
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control band intensity from the same sample. The mean relative ratios from three independent 

experiments were plotted. 

2.2.7 TIME TO AGGREGATION ASSAY 

For phenotypic analysis, six zebrafish were injected with αSO/cVMO and six fish with 

SO/cVMO. I then performed the thrombocyte aggregation assay to determine the aggregation of 

thrombocytes as described earlier (22). Briefly, 1 μl of citrated buffered blood from each adult 

zebrafish was combined with 8 μl 0.63% sodium citrate in phosphate buffered saline (PBS) and 

placed in a conical microtiter plate. The plate was then manually tilted every 5 min until the flow 

of blood down the walls of the well stops, i.e. TTA of thrombocytes (21,22). In this assay, 

prolonged TTA as compared to controls indicates defective thrombocyte function. The mean 

TTA from each group was calculated and was statistically analyzed as described below. 

2.3 STATISTICAL ANALYSIS 

Statistical analysis was performed using Sigma Plot 10 with Sigma Stat integration 

software. Statistical significance was assessed by one way ANOVA and a p value <0.05 was 

considered significant. 

2.4 RESULTS 

Since it has been shown earlier that antisense oligonucleotides pair with mRNA and result in 

degradation of mRNA (1), I wanted to test whether such antisense oligonucleotides will result in 

degradation of thrombocyte specific αIIb mRNA in adult zebrafish. To test this degradation, the 

antisense oligonucleotides must somehow be delivered into thrombocytes. I hypothesized that 

such delivery would be possible if I piggyback the antisense oligonucleotide with a VMO, since 

VMOs have been shown to enter adult thrombocytes (11). I chose to use cVMO because it is not 

specific for any gene sequence and does not result in gene knockdown. This can be readily 
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obtained from Gene Tools and is marketed as the control VMO. I then synthesized a 40 

nucleotide long αSO in such a way that 15 nucleotides at the 3′-end hybridizes to cVMO and the 

remaining 25 nucleotides are antisense to αIIb mRNA such that this αSO will bind to αIIb 

mRNA (Figure 2.1). 

Furthermore, I conducted a BLAST search using this αSO sequence and found that no 

other gene had a perfect match of N14 nucleotides. I also designed a cSO which is also 40 

nucleotides long and has 15 nucleotides complementary to cVMO as described above, but has 

the remaining 25 nucleotides in the sense direction of the mRNA. Thus, this cSO does not bind 

to αIIb mRNA. I then created hybrids using cVMO annealed to either αSO or cSO, resulting in 

αSO/cVMO and cSO/cVMO hybrids, respectively. We injected adult zebrafish intravenously 

with, either experimental αSO/cVMO hybrid or its control, cSO/cVMO. I used seven fish for 

each of the above experimental and control injections and at 48 h post injection, I did not observe 

any dead fish. I then extracted RNA from the thrombocyte enriched white cell fraction of each of 

the above fish. These samples were analyzed for ef1-α and αIIb mRNA levels by RTPCRs using 

the above described gene specific primers. The RT-PCR products were then resolved by agarose 

gel electrophoresis and the intensity of the αIIb band from each sample was compared to its own 

internal control ef1-α band intensity and the relative ratio of these intensities was calculated as 

described above (Figure 2.2). The control ratios ranged from 76 to 110%, with a mean intensity 

ratio of 94% and the experimental ratios ranged from 2 to 68%with a mean ratio of 33%. Thus 

the overall reduction in the mean intensity ratios representing the mRNA levels is approximately 

60% (Figure 2.2). Notably, there were two experimental samples which showed almost no 

amplification of αIIb RT-PCR product. 
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I then performed a quantitative RT-PCR experiment and found an average of 0.06 fold 

levels of αIIb relative to ef1-α in knockdown samples representing a reduction in αIIb mRNA 

levels of approximately 90% as compared to controls (Figure 2.3). To test whether degradation 

of mRNA results in reduced αIIb levels, I injected two groups of six adult zebrafish 

intravenously with either experimental or control hybrids as described above. After 48 h 

incubation, thrombocytes were analyzed for αIIb levels by using anti-αIIb antibody to 

immunostain blood smears obtained from each of the experimental and control fish. Seventeen 

immunostained thrombocytes from each fish were analyzed for their intensities and the mean 

intensity from 102 thrombocytes of either the control or experimental group was calculated and 

statistically analyzed. I found that thrombocytes derived from adult zebrafish injected with the 

αSO/cVMO hybrid showed an 85% reduction in fluorescence compared to controls (Figure 2.4). 

To test whether degradation of mRNA results in reduced αIIb levels, I injected fish with 

either the control or experimental hybrids and analyzed both groups of thrombocytes for αIIb 

levels by Western blots. I found that the αIIb protein levels of the experimental zebrafish were 

reduced as compared to controls even though the internal control β-tubulin band was present at 

the same level in both experimental and control thrombocytes (Figure 2.5). Quantification of the 

relative intensities of αIIb levels in three independent experiments revealed a 70–90%reduction 

in αIIb protein levels compared to controls (Figure 2.5). I then evaluated thrombocyte function in 

adult fish using the TTA assays (12,22). The blood from fish treated with αSO/cVMO exhibited 

significantly longer TTAs as compared to controls (Figure 2.6). 

2.5 DISCUSSION 

I have described in this chapter a technology that utilizes a hybrid of a cVMO and an SO 

that is antisense to αΙΙb such that the SO can piggyback onto the cVMO. The use of this hybrid 
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allows the SO to carry out targeted gene knockdown in adult zebrafish by RNA degradation. 

Semi-quantitative RT-PCR experiments resulted in 60% reduction in mean αΙΙb RNA levels in 

knockdown samples compared to the controls. The fact that two samples yielded knockdowns of 

almost 100% suggests that this piggyback system is able to achieve knockdown very effectively. 

The limited knockdown (<35% knockdown) obtained in two other samples is most likely due to 

the variations in injections of the hybrid reagents since the success of fish injections depends 

upon correctly locating the vein. Further analysis using quantitative RT-PCR experiments 

showed approximately 90% reduction in αIIb mRNA levels in experimental samples compared 

to controls. Taken together, the RTPCR results provide proof-of-principle that the αSO/cVMO 

hybrid is achieving knockdown of αIIb mRNA. Furthermore, these results indicate that this 

technology has a 90% or greater efficiency. 

The knockdown data from RT-PCR experiments are further supported by the analysis of 

the αIIb levels by immunohistochemistry. The significant reduction in thrombocyte 

immunofluorescence suggested that the knockdown by hybrid injection decreased the levels of 

αIIb. This result was then corroborated by Western blot analysis which showed a reduction of 

approximately 90% in the αIIb levels of fish thrombocytes exposed to the αSO/cVMO hybrid as 

compared to controls. Furthermore, my observation of prolonged TTA of blood from fish 

injected with the αSO/cVMO hybrid suggests that the hybrid induces a thrombocyte functional 

defect indicating αΙΙb knockdown at the phenotypic level and providing credibility to this 

piggyback knockdown technology. Taken together, my results indicate that the αSO/cVMO 

hybrid successfully achieves αIIb knockdown in adult zebrafish. Though RT-PCR results 

demonstrated that the hybrid degraded αΙΙb mRNA, I do not know the mechanism of this RNA 

degradation. 
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This degradation could be due to the bulky octaguanidine dendrimer group on the 

αSO/cVMO-mRNA hybrid which may cause ribosomes to stall, thus subjecting the mRNA to 

nuclease degradation. As suggested by earlier reports from other laboratories, it is also possible 

that the RNA–DNA hybrid formed is detected by an RNase H like enzyme, which may cleave 

the mRNA (1,24). This cleaved mRNA may be degraded faster than endogenous, full-length 

mRNA. Future work is needed to decipher this mechanism. It has been observed that a perfect 

match of 18 or 20 nucleotides is needed for off-target effects using standard MO technology 

(25). Thus, since BLAST search found no other sequence that was a perfect match of N18 

nucleotides, knockdowns may not induce off-target effects. Even if off-target knockdowns are 

occurring in the background, they do not seem to be catastrophic since I did not observe any 

lethal abnormalities. Furthermore, I believe that the 25 nucleotide long antisense portion of the 

SO that I used in this hybrid αSO/cVMO technology enhances the specificity of the target 

sequence. However, the minimal length of the oligonucleotide required for maximal 

piggybacking and knockdown efficiency requires further study. The effectiveness of the 

piggyback αSO/cVMO hybrid mechanism depends upon the half-life of the protein and/or the 

cell producing the protein. Since zebrafish thrombocytes have a half-life of 4.5 days and the 

knockdown technology worked successfully in these experiments, the half-life of zebrafish αIIb 

must be shorter than 4.5 days. In fact, the half-life of human αIIb is only a few hours (26). 

However, in the case of thrombocyte proteins with a longer half-life (N=4.5 days), the 

knockdown may still be effective because of the short half-life of thrombocytes. However, in 

cells that have longer half-life it may be difficult to achieve knockdown at the protein level. In 

such cases, repeated injections may be needed (27). Interestingly, the fact that the αIIb 

knockdowns were successful 48 h after injection suggests stability of at least 48 h for this αSO. It 
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is also possible that an SO with a shorter half-life may result in ineffective knockdowns, an issue 

which could also be resolved by repeated injections. Further studies are needed to address these 

potential issues. Piggyback hybrid allows for targeting several different genes with only one 

cVMO by using several different SOs to form multiple hybrids. The minimal cost of SOs not 

only makes this design cost-effective, but also makes it suitable for genome-wide knockdown 

screens of thrombocyte function. 

The successful knockdown of αIIb in zebrafish presented here supports the idea that a 

gene specific-SO/cVMO hybrid can enter circulating thrombocytes and/or their precursor cells. 

Since the typical VMO technology has been effective in gene knockdown in multiple tissues 

including the brain (e.g. gene knockdown by injection into zebrafish brain ventricles), I predict 

that the technology developed here, using an oligonucleotide piggybacked onto a cVMO, will be 

applicable to knockdown genes in these tissues as well (13). I also expect that this technology 

will be useful in other cell lines or model systems and may even have applications in the field of 

gene therapy since cVMOs could be used to piggyback gene coding nucleic acids. 
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FIGURES 

Figure 2.1: Schematic diagram of the hybrid formation. Hybrid formation among aSO and 

cVMO (purple lines), and mRNA (red lines) is shown. Base pairing is indicated by small vertical 

bars. 
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Figure 2.2: Knockdown of αIIb by RNA degradation. (A) RT-PCR products of RNA from 

thrombocyte enriched white cell fraction prepared from adult zebrafish injected with cSO/cVMO 

(top gel) and αSO/cVMO (bottom gel). Products obtained using primers for ef1-α (top band, 

220bp) and αIIb (bottom band, 181 bp) are shown. The numbers given on top of each lane 

represent relative ratios of intensity. (B) Graph comparing mean relative ratios of intensities of 
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the bands shown in panel A. Bars represent the mean + 1SEM. n = 7; p = 0.001 between control 

and knockdown indicated by *. 
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Figure 2.3: Quantitative RT-PCR showing the αIIb mRNA degradation. Relative gene 

expression levels of αIIb in thrombocyte enriched white cell fraction from adult zebrafish 

injected with cSO/cVMO (control) and αSO/cVMO (knockdown). Bars represent the mean + 

1SEM. n=7; p= 0.005 between control and knockdown indicated by *. 
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Figure 2.4: Immunostaining of thrombocytes in αIIb knockdown fish. (A) Immunostaining 

of a representative portion of a blood smear probed with anti-αIIb antibody showing 

thrombocytes derived from zebrafish injected with cSO/cVMO (top panels, control) and 

αSO/cVMO (bottom panels, knockdown). Left and right panels are the bright field and 

epifluorescence images respectively. In bright field images, thrombocytes (shown by arrows) are 
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surrounded by red cells. In epifluorescence images anti-αIIb antibody labeled thrombocytes are 

shown by arrows. Red cells did not show any fluorescence. (B) Graph comparing mean pixel 

intensity of thrombocytes from anti-αIIb antibody probed blood smears of fish injected with 

cSO/cVMO (control) and αSO/cVMO (knockdown); Bars represents the mean + 1SEM. n = 102; 

p = 0.004 between control and knockdown indicated by *. 
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Figure 2.5: Western blot analysis of thrombocytes from αIIb knockdown fish. (A) A 

representative Western blot of protein extracts of thrombocyte enrichedwhite cell fraction 

prepared from adult zebrafish injected with cSO/cVMO (control) and αSO/cVMO (knockdown). 

Arrows show αIIb and β-tubulin. (B) Graph comparing mean relative ratios of intensities of the 
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bands. Bars represents the mean + 1SEM. n = 3, p = 0.001 between control and knockdown 

indicated by *. 
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Figure 2.6: Phenotypic analysis of thrombocyte function in αIIb knockdown fish. TTA of 

whole blood from zebrafish injected with cSO/cVMO (control) and αSO/cVMO (knockdown). 

Bars represents the mean + 1SEM. n= 6; p = 0.003 between control and knockdown indicated    

by *. 
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CHAPTER 3 

FLOW-CYTOMETRY BASED THROMBOCYTE COUNTING AND AGGREGATION 

ASSAY 

(This chapter is presented in its entirety from Sundaramoorthi, H., Panapakam, R., and 

Jagadeeswaran, P, “Zebrafish thrombocyte aggregation by whole blood aggregometry and flow 

cytometry” Platelets, 1-7 (2015) with permission from Elsevier, 

https://www.elsevier.com/about/company-information/policies/copyright) 

3.1 INTRODUCTION 

Platelets play an important role in mammalian hemostasis (1). Zebrafish has been well 

established as a genetic model to study mammalian hemostasis and to discover novel factors that 

play a significant role in thrombocyte function (2). However, utilizing the existing platelet 

functional assays to measure thrombocyte function has been a difficult undertaking. Also, 

counting the thrombocytes by manual method or GFP-thrombocytes transgenic fish lines is either 

cumbersome or involve extensive breeding for large scale knockdown studies. In order to study 

zebrafish thrombocyte function, our laboratory previously designed several thrombocyte 

aggregation assays. We devised a qualitative assay called plate tilt assay and subsequently 

quantified this assay using the time to aggregation method (3,4). We also developed a capillary-

based fluorescence aggregation method for measuring thrombocyte aggregation (5). Despite 

these attempts, measuring thrombocyte aggregation in zebrafish requires specialized training and 

remains cumbersome for those unfamiliar with zebrafish thrombocyte aggregation. In fact, only a 

few laboratories have been able to use this technology (6), and even then, the high throughput 

capabilities of these assays are not comparable to the existing human platelet functional assays: 

whole blood aggregometry (WBA) and flow cytometry (FC). Previously, using WBA to measure 

zebrafish thrombocyte function was not practical due to the small volumes of blood collected 

from zebrafish. Furthermore, measuring thrombocyte aggregation by FC has never been 

attempted using zebrafish blood. In this study, I demonstrate that thrombocyte counts and 
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aggregation can be measured by FC assays. I also validated the method by knocking down c-mpl 

receptor which a a key player in thrombopoiesis. The morphant blood showed the expected 

thrombocytopenic phenotype. For aggregation assay, detecting the obliteration of arachidonic 

acid-induced thrombocyte aggregation, either in the presence of aspirin, a thrombocyte inhibitor, 

or by using αIIb-deficient thrombocytes, generated by the piggyback knockdown method were 

the approaches for validation (7). These assays should be useful to rapidly analyze zebrafish 

mutants for thrombocyte functional defects and should further the progress of a comprehensive, 

genome-wide search for thrombocyte functional genes using piggyback knockdowns in adult 

zebrafish. 

3.2 MATERIALS AND METHODS 

3.2.1 Approval for all the experiments described below was obtained from the University of 

North Texas-Institutional Animal Care and Use Committee. 

3.2.2 ZEBRAFISH AQUACULTURE 

The adult zebrafish were maintained in Aquaneering multi-rack system which is installed 

with controlled filtrations, pH and temperature maintenance, and nitrate removal. The housing 

was set for 14 h light and 10 h dark cycles. The temperature of the system was maintained at 

28
0
C and pH of 7 to 7.5. The fish were fed with live brine shrimp and dry flakes.

3.2.3 THROMBOCYTE COUNTING 

One microliter of wild type adult zebrafish blood was added to 100 μl PBS and 10 μl of 

10 mM mepacrine in a 1.5 ml Eppendorf tube. This tube was placed into the BD Accuri C6 flow 

cytometerQ4 and the blood cells with mepacrine fluorescence were separated by FC. One 

microliter of blood from TG (fli:EGFP)y1 zebrafish was used to separate the GFP-labeled 

thrombocytes. Thrombocytes in the wild type sample were localized by primarily gating GFP 
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information through the green positive channel onto the data obtained from the separated 

mepacrine labeled cells of wild type zebrafish blood. Similarly, the blood samples from adult 

wild type zebrafish prepared as above were then centrifuged at 500g for 2 min to remove red 

cells. The remaining white cell fraction (WCF) was subjected to FC, the thrombocytes were 

localized by primarily gating GFP information through the green positive channel onto the data 

obtained from the separated mepacrine labeled WCF of wild type zebrafish blood. The 

thrombocyte counts were expressed as a percentage of the total white cell counts. 

3.2.4 THROMBOCYTE AGGREGATION 

Nine microliters of PBS, either alone as a control or already containing agonist (see 

below), was placed into one conical well of an 80-well plate. 2 μl of blood was collected from 

adult wild type zebrafish in 0.5 μl of 3.8% sodium citrate as described previously [3]. This 

sample was split in half, 1 μl for control and 1 μl for agonist. The blood was then carefully 

placed into each well in such a way that the blood settles down at the bottom of the well. The 

contents of the well were allowed to stand at room temperature for 12 min. The entire contents of 

the well were then collected into a 1.5 ml Eppendorf tube containing 100 μl of PBS and 10 μl of 

10 mM mepacrine. These contents were then centrifuged at 500g for 2 min to remove red cells 

and thrombocyte aggregates. Supernatant was collected and analyzed using BD Accuri C6 flow 

cytometer until the WCF totaled 10000. The percentage of thrombocytes in this WCF was 

calculated by gating for thrombocytes. The relative percentage of aggregation was then 

calculated by using the formula (X-Y)/X*100, where X represents the percentage of 

unaggregated thrombocytes in the control samples and Y represents the percentage of 

unaggregated thrombocytes in the experimental samples. 
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3.2.5 THROMBOCYTE AGGREGATION KINETICS 

Citrated blood was prepared from 12 individual fish as described above. These 12 blood 

samples were pooled and used blood to perform time-course experiments. Using the same 

methods as described above, each agonist was placed in multiple wells and 1 μl of this citrated 

blood was then carefully placed into each well. The contents of each well were processed using 

FC as described above at 30 s intervals. For each agonist, well 1 was processed at 0 s, well 2 at 

30 s, well 3 at 60 s, etc. I stopped processing wells when the aggregation levels reached 

saturation, as evidenced by the plateau of the curve. When agonists were used, 9 ml of PBS 

before adding the blood sample contained the agonists at the following final concentrations. 

Arachidonic acid (1.2 mM), collagen (0.01 mg/ml), and ADP (0.02 mM) were all obtained from 

Sigma-Aldrich, St. Louis, MO (agonists are used at higher concentrations since the contents are 

not mixed and blood simply passes through these reagents). 

3.2.6 INHIBITION OF THROMBOCYTE FUNCTION FOR FC 

I induced chemical inhibition of thrombocyte function by injecting 5 ml of PBS 

containing 1-2 mg aspirin intravenously (4). 5 ml of PBS was used in control injections. For 

knockdown inhibition of thrombocyte function, cVMO (5’-

CCTCTTACCTCAGTTACAATTTATA-3’) was purchased from Gene-Tools LLC, Philomath, 

OR. An αIIb-specific antisense SO (aSO) (5’-

CTCGATAATCAGCAGCGCTGGATTCTATAAATTGTAACTG-3’), and a control sense SO 

(cSO) (5’-GAATCCAGCGCTGCTGATTATCGAGTATAAATTGTAACTG-3’) were 

purchased from either Invitrogen, Carlsbad, CA, or Sigma Inc., St. Louis, MO, and designed 

using criteria as described previously (7). Totally 4.5 μl of 0.5 mM cVMO was mixed with 4.5 μl 

of 0.5 mM of either aSO or cSO and 1 μl of 10X oligohybridization buffer containing 500 mM 
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NaCl, 10 mM Tris-Cl (pH 8.0), and 1 mM EDTA (pH 8.0). Hybrids of aSO/cVMO and 

cSO/cVMO were prepared by heating the above mixture to 90
0
C and slowly cooling to room

temperature. 5 μl of this hybridized aSO/cVMO or its control was injected to adult zebrafish 

intravenously (8). The blood from these control and knockdown fish were analyzed by WBA and 

FC methods. 

3.3 STATISTICAL ANALYSIS 

Statistical analysis was performed using SigmaPlot 10 with SigmaStat integration 

software. Q4 Statistical significance was assessed by one-way ANOVA and a p value < 0.05 was 

considered significant. 

3.4 RESULTS 

Since FC is a method used to count platelets and measure platelet aggregation, has not 

been attempted with zebrafish blood, I tested whether I could first estimate thrombocyte numbers 

using FC and then whether the extent of thrombocyte aggregation be quantified by FC. Whole 

wild type blood was first labelled with mepacrine and tested whether thrombocytes can be 

separated from other blood cells with the Accuri flow cytometer. The FC results identified three 

separate populations of cells in a forward scatter plot (Figure 3.1A). Since thrombocytes are 

approximately 5 mm and red cells are approximately 8 mm, we anticipated that they would 

separate distinctly. However, though they did not separate, there was a small bump on the left 

side of the smallest population of cells, which we felt may be another cell type that did not 

distinctly separate from the bulky red cell dot plot. To confirm whether the cells in this bump 

were thrombocytes, we used blood from a TG(fli1:EGFP)y1 zebrafish line,. The GFP-labeled 

thrombocytes in this line (Figure 3.1B) allowed us to test where the GFP population fell within 
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the mepacrine-labeled population. I found the GFP-labeled cells do, in fact, gate onto the bulky 

red cell dot plot in the bump region mentioned above (Figure 3.1C). Furthermore, as can be seen 

by the considerable region of overlap, it is very difficult to separate mepacrine-labeled 

thrombocytes from red cells. Therefore, whole wild type blood was centrifuged and used in FC 

to examine the WCF. Since it is devoid of red cells, I found only two populations of cells (Figure 

3.1D). The smaller population of cells matched with GFP-labeled thrombocytes (Figure 3.1E). I 

then wanted to test whether FC would be able to quantify the extent of thrombocyte aggregation. 

Since larger thrombocyte clusters might occlude the FC nozzle, I felt that allowing zebrafish 

blood to aggregate in the presence of an agonist, removing these aggregates by centrifugation, 

and then estimating the remainder of thrombocytes by FC would indirectly give the extent of 

aggregation and should establish that measuring thrombocyte aggregation by FC is also possible 

using adult zebrafish blood. To test whether aggregation could be quantified by this approach, I 

used citrated zebrafish blood to prevent fibrin formation and initiated aggregation in the presence 

of arachidonic acid. I incubated the sample and removed thrombocyte aggregates by 

centrifugation. FC was then used to determine the number of unaggregated thrombocytes in the 

WCF. The results from the arachidonic treated samples were compared to controls. I found that 

the thrombocyte population in the blood treated with arachidonic acid made up, about 0.2% of 

the WCF (Figure 3.2B) compared to 6.6% of thrombocytes present in control samples (Figure 

3.2A). Using the above percentages it was calculated that 6.4% of the thrombocytes disappeared 

into aggregates and the relative percentage of aggregation obtained from arachidonic acid 

treatment was approximately 95%. To further confirm these results, I tested blood samples 

collected from zebrafish injected with aspirin in the presence of arachidonic acid. I found that the 

thrombocytes did not disappear in the aspirin samples (Figure 3.2C). The right-hand population 
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in all the panels of Figure 3.2 is the remainder of white cells and ranged from 91.6 to 98.1%. To 

determine the optimal window of aggregation, I examined the kinetics of thrombocyte 

aggregation using the FC method. I performed a time course experiment in which pooled 

zebrafish blood was incubated with arachidonic acid, collagen, or ADP. The extent of 

thrombocyte aggregation was measured as a function of time and I found that all three of the 

agonists tested demonstrated a time-dependent progression of aggregation (Figure 3.3a-c). I also 

noted that there was an initial, rapid aggregation response which plateaus around 1–3min and 

was followed by a slower, second wave of aggregation (Figure 3.3a-c). To determine whether a 

thrombocyte functional defect could be detected by our method, I performed knockdown of αIIb 

using the piggyback method and then tested the blood using our FC method. I found 

approximately 50% reduction in thrombocyte counts (Figure 3.4). 

3.5 DISCUSSION 

The zebrafish has long been established as an excellent genetic model to study 

mammalian hemostasis. However, separation of thrombocytes by FC has been attempted earlier 

with no success. Previous quantification of thrombocytes was obtained from either DiI-labeled 

young thrombocytes or from transgenic lines with GFP-labeled thrombocytes. At present, there 

is no method to separate and quantify the total number of thrombocytes from wildtype fish 

without the use of DiI- or GFP-labeled blood. Here, I introduced the use of mepacrine-labeled 

zebrafish whole blood for FC, which enabled me to separate blood cells into distinct populations 

(Figure 3.2). However, since the size of thrombocytes is fairly close to the size of red cells, it 

was difficult to entirely separate these two populations in a single step. Therefore, I introduced a 

centrifugation step to eliminate red cells. This additional centrifugation step enabled the 

separation and quantification of thrombocytes from wild type zebrafish and allowed me to 
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determine the extent of thrombocyte aggregation by FC. My FC results showed that both aspirin 

treatment and αIIb-knockdown inhibited aggregation of thrombocytes, confirming that the 

disappearance of thrombocytes quantified by FC method truly represents thrombocyte 

aggregation (Figures 3.2 and 3.4). Results of the kinetics of aggregation using three independent 

agonists showed two waves of aggregation (Figure 3.3a-c). These are similar to the primary and 

secondary waves of aggregation observed with mammalian platelets. This further corroborates 

that zebrafish thrombocyte aggregation occurs in a manner similar to that of platelets (9). 

In human platelet aggregation, it has been possible to separate aggregates from 

unaggregated platelets by FC. However, using FC to indirectly quantify platelet aggregation, by 

measuring the unaggregated pool of platelets after aggregation, has also been established as an 

alternate assay for platelet aggregation. The method developed here is similar to this indirect 

method for measuring platelet aggregation and can be used on wild type fish since the blood cells 

are labeled with mepacrine in vitro. Although it is possible to use FC to quantify aggregation of 

blood from zebrafish carrying GFP-labeled thrombocytes, where the disappearance of GFP-

labeled thrombocytes could be used as an indirect measure of the extent of thrombocyte 

aggregation, this would not only require breeding these transgenic fish, but also utilizing only 

these fish to test for thrombocyte aggregation. The benefit of using mepacrine labeling for our 

FC method is that one can test the blood of wild type zebrafish, αIIb knockdown or other mutant 

fish, and any other organism that carries thrombocytes. Thus, this FC method is a powerful tool 

to measure thrombocyte aggregation. The advantage of this method is the small sample volume 

that allows for the aggregation of blood without adding any agonist and thus for the 

measurement of overall global thrombocyte aggregation. FC method also has the flexibility to 

perform aggregation in the presence of an agonist. 
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FIGURES 

Figure 3.1: FC of mepacrine-labeled wildtype blood and WCF identifying thrombocyte 

population. (A) Separation of mepacrine-labeled wildtype zebrafish blood cells into three 

clusters based on their fluorescent property and granularity. Note the bump present in the 

leftmost population. (B) GFP-labeled thrombocytes separated from the other blood cells into a 

single distinct population shown in a gate. (C) The population of GFP-labeled thrombocytes 

from panel B primarily gated through the green positive channel onto panel A containing the 

mepacrine-labeled wild type cells. Note that the GFP population is located in the bump seen in 

panel A. (D) Mepacrine-labeled WCF showing two separate clusters of cells. (E) The population 

of GFP-labeled thrombocytes from panel B primarily gated through the green-positive channel 

onto panel D containing the mepacrine-labeled WCF. 
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Figure 3.2: Quantification of thrombocyte aggregation by FC. (A) Separation of WCF from 

control wild type fish blood showing two discrete populations. (B) Blood sample obtained from 

same fish, treated with arachidonic acid and then centrifuged to collect WCF, showing the 

disappearance of the gated small left population. (C) Sample collected from aspirin injected fish 

treated with arachidonic acid confirming that the small left population was thrombocytes (n=16). 
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Figure 3.3a: Kinetics of thrombocyte aggregation using platelet agonist, arachidonic acid.  

AA promoted aggregation of thrombocytes expressed in percentage measured in different time 

intervals (n=3). Note the first and second waves of aggregation. 
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Figure 3.3b: Kinetics of thrombocyte aggregation using platelet agonist, collagen. Collagen 

induced aggregation shown in percentage of thrombocytes aggregated in given time interval 

(n=3). Note the first and second waves of aggregation. 
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Figure 3.3c: Kinetics of thrombocyte aggregation using platelet agonist, ADP. ADP induced 

aggregation showing an increase in percentage of thrombocytes aggregated with time (n=3). 

Note the first and second waves of aggregation. 
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Figure 3.4: Validation of FC method by αIIb- knockdown. Blood collected from control and 

αIIb-knockdown fish showing a significant reduction in extent of aggregation for knockdown 

fish. Bars represents the mean + 1SEM. (n=5) (ANOVA, Holm-Sidak, p=0.002). 
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CHAPTER 4 

ROLE OF HOX GENES IN THROMBOPOIESIS 

(Results, materials and methods in this chapter are submitted to a peer reviewed journal) 

4.1 INTRODUCTION 

hox genes regulate hematopoiesis and their altered expression in cellular (1-3). Many 

transcription factors, such as GATA-1, FLI-1 have been implicated in thrombopoiesis (4). A 

reduced expression of   GATA-1 and increase in Fli-1 levels were shown during the maturation 

of young thrombocytes to mature population (5). From a microarray analysis conducted in our 

laboratory, we observed that five of the hox genes, hoxa10b, hoxb2a, hoxc5a, hoxd3a and 

hoxc11b, were upregulated in thrombocytes. The microarray showed greater than two-fold level 

of expression of mRNAs for the above genes in thrombocytes compared to red cells. However, 

there is no comprehensive study of genome-wide screening of all the hox genes playing a role in 

thrombopoiesis. I hypothesized that comprehensively knockdown hox genes could identify 

specific hox genes involved in the development of thrombocytes in zebrafish. Therefore, initially 

I selected the above five thrombocyte upregulated hox genes from our earlier microarray 

analysis. Then I tested for the differential expression of these hox genes in both young and 

mature thrombocytes by RT-PCR. I found all these five genes were expressed in both young and 

mature thrombocytes; however, hoxc11b was expressed only in young thrombocytes and not in 

mature thrombocytes similar to the finding of loss of GATA1 in mature thrombocytes (6). I used 

the piggyback knockdown method (7) and flow cytometry based thrombocyte counting (8) 

developed in my earlier aims to carry out this study. I found knockdown of hoxc11b resulted in 

increased number of thrombocytes and knockdown of hoxa10b, hoxb2a, hoxc5a, and hoxd3a 

showed reduction in the thrombocyte counts. Later, I screened the rest of 47 hox genes in the 

zebrafish genome from ENSEMBL database and found that knockdown of hoxa9a and hoxb1a 
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resulted in decreased number of thrombocytes. In BLAST analysis, these two hox genes were 

homologous with corresponding genes in human. Further, hoxa9a and hoxb1a also showed their 

expression in both young and mature thrombocytes. In total, this study identified six hox gene, 

hoxa10b, hoxb2a, hoxc5a, hoxd3a, hoxa9a and hoxb1a, knockdowns resulted in decreased 

number of thrombocytes suggesting that they are positive regulators of thrombopoiesis and 

knockdown of hox gene, hoxc11b, resulted in increased number of thrombocytes indicating that 

it is a negative regulator for the development of thrombocyte. I was further interested in knowing 

if these seven hox genes affected young or mature thrombocytes. So, I used the dye, DiI, at 

certain concentration which labels only young thrombocytes (9) and found a similar trend, 

decreasing the young population of thrombocytes, when hox genes, hoxa10b, hoxb2a, hoxc5a, 

hoxd3a, hoxa9a and hoxb1a were knocked down, and an increase in young thrombocytes when 

hoxc11b was knocked down. Since, hoxc11b was the only negative regulator of thrombopoiesis 

identified in this study, I wanted to test if this hox gene was showing its effect by promoted cell 

proliferation. To address this question, I used BrdU and anti-BrdU/FITC labeling method. When 

newly made cells entering the circulation were counted by this method, I found a significant 

increase in the BrdU labeled thrombocytes in hoxc11b knockdown fish blood suggesting that 

hoxc11b promoted cell proliferation. 

4.2 MATERIALS AND METHODS 

4.2.1 ZEBRAFISH AQUACULTURE 

The adult zebrafish were maintained in Aquaneering multi-rack system which is installed 

with controlled filtrations, pH and temperature maintenance, and nitrate removal. The housing 

was set for 14 h light and 10 h dark cycles. The temperature of the system was maintained at 

28
0
C and pH of 7 to 7.5. The fish were fed with live brine shrimp and dry flakes.

91



4.2.2 KNOCKDOWN METHOD 

The sequences of hox mRNAs were obtained from ENSEMBL zebrafish database and an 

antisense oligonucleotide sequence of 25 nucleotides length were designed, using Primer3 

software (10).  To this, a 15 nucleotides sequence, complementary to the control vivo-

morpholino, was added to the 3’end to make a total length of 40 nucleotides. This 40 nucleotide 

long oligonucleotide was purchased from Invitrogen, Carlsbad, CA, or Sigma Inc, St Louis, 

MO., at 500 μM concentrations. 2.5 μL of this oligonucleotide was mixed to2.5 μL of 0.5 mM 

cVMO (Gene-tools LLC, Philomath, OR) and 0.5 μL of 10X ThermoPol buffer (New England 

Biolabs Inc, Ipswich, MA), and reannealed at 90
0
C using a thermocycler.. Five microliters of this

mixture was injected intravenously into adult zebrafish, using 27x1¼ needle and 1 mL syringe. 

Blood collected from these fish and control injected fish were analyzed for their thrombocyte 

counts (11) (Tables 4.2 & 4.3). 

4.2.3 BLOOD COLLECTION METHODS  

4.2.3.1 INCISION METHOD 

By making lateral incision between the dorsal and ventral fins between second and fourth 

black stripes on the lateral side of the anesthetized adult zebrafish,  (12), 0.5-4 μL of blood was 

harvested and these collections involved terminal sacrifice of the fish. 4 μL of blood was added 

to 1 μL of 3.8% sodium citrate in 1X phosphate-buffered saline (PBS). 

4.2.3.2 POKING METHOD 

In experiments where fish had to be kept alive for repeated drawing of blood, 0.5 μL of 

blood was collected by poking the caudal vein, using a 27x1¼ needle, and mixed with 0.125 μL 

of 0.38% sodium citrate in 1XPBS. 

92



4.2.4 RNA ISOLATION 

4.2.4.1 FROM YOUNG AND MATURE CELLS 

A stock of 1 mM 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate 

(DiI) (Invitrogen molecular probes, Eugene, OR) was prepared using Dimethyl formamide and 

diluted to 10 μM concentration using 1XPBS. 5 μL of this diluted solution was injected 

intravenously into adult zebrafish and fish were allowed to stay in water maintained at room 

temperature for 30 minutes. Blood was then collected by incision method as mentioned above, 

and a small portion was tested for the presence of DiI-labeled young thrombocytes under the 

light microscope. DiI-labeled young thrombocytes and unlabeled mature thrombocytes from 

these blood samples were then separated according to the immuno-selection procedure 

established earlier in our laboratory (13), using anti-Cy3/5-Biotin (Sigma, St Louis, MO), custom 

made anti-αIIb-biotin,  Streptavidin magnetic beads, and a magnetic separation rack, (New 

England Biolabs Inc, Ipswich, MA),. Later, total RNA was extracted from each of the separated 

sub-populations of the thrombocytes, using RNA Miniprep kit (Stratagene, La Jolla, CA). 

4.2.4.2 FROM TOTAL THROMBOCYTES 

Four microliters of blood was collected from knockdown or control fish by incision 

method and total RNA was isolated by phase separation method, using TRI reagent (Sigma, St 

Louis, MO)/ 1-bromo-3-chloropropane/isopropanol method. 

4.2.5 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION 

Primers were designed (Table 4.1) using Primer3 software, and used to reverse transcribe 

and amplify using Superscript one step RT-PCR with platinum Taq kit (Invitrogen, Carlsbad, 

CA). The amplification was carried out for 40 cycles at melting temperature of 50
0
C. Gel
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electrophoresis was carried out with 2% agarose to check the bands and the band intensities were 

measured using ImageJ software.  

4.2.6 REALTIME RT-PCR 

Forward and reverse primers that flank the antisense oligonucleotide annealing site in the 

knockdown of hoxc11b mRNA were designed using Primer3 software. The forward and reverse 

primers were 5'-GAAGCGATGTCCATACACCA-3' and 5'-AGGCGATCTCGGCTTAACTT-3' 

respectively. These primers were used to reverse transcribe and amplify hoxc11b transcript 

which yielded a 183bp fragment. ef1α fPCR product was 222bp length and was used as 

reference. The primers used for ef1α were described in the previous chapter. 

4.2.7 FLOW CYTOMETRY 

4.2.7.1 TOTAL THROMBOCYTES COUNTS 

To count the thrombocytes from the same fish before and after knockdowns, I collected 

0.5 μL of blood using poking method for before knockdown experiment and incision method for 

after knockdown experiment. Blood was citrated by adding 0.125 μL of 3.8% sodium citrate in 

1XPBS and the mixture was added to 100 μL 1XPBS flowed by the addition of 10 μL of 10 mM 

mepacrine in a 1.5 mL Eppendorf tube. The contents were mixed well and centrifuged at 500g 

for 2 min to remove red cells. Supernatant was collected and analyzed using BD Accuri C6 flow 

cytometer until the WCF totaled 10000 counts (8). For counting thrombocytes in experiments 

involving different fish used as control and knockdown, I used incision method and collected 0.5 

to 4 μL of blood. 

4.2.7.2 YOUNG THROMBOCYTES COUNTS 

To label only the young thrombocytes, 1 μL of 10 μM DiI in 1XPBS, prepared as 

mentioned above, was mixed well with 1 μL citrated blood and incubated for 10 minutes on ice 
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with avoiding light exposure, to label the young cells (9). The labeled cells were counted by 

using FC as mentioned above (14). These experiments were performed using different fish and 

not the same fish. 

4.2.7.3 BROMODEOXYURIDINE LABELING ASSAY 

Bromodeoxyuridine (FITC BrdU Flow Kit, BD Biosciences, San Jose, CA) was diluted 

to 5 mg/mL using 1XDPBS from a stock solution obtained from BD Biosciences. hoxc11b was 

knocked down as mentioned above. After 48 h, diluted BrdU (100 mg/kg) was injected 

intravenously into the same fish. Blood was harvested after 6 h for analysis (15). The blood cells 

were permeabilized to stain BrdU-containing cells with FITC tagged anti-BrdU (from the above 

kit) and later subjected to flow cytometric analysis using BD Accuri C6 flow cytometer. 

4.3 STATISTICAL ANALYSIS 

Statistical analysis was performed using Sigma Plot 10 with Sigma Stat integration 

software. Statistical significance was assessed by one way ANOVA, Holm-Sidak method, and a 

p value <0.05 was considered significant. 

4.4 RESULTS 

Since it was shown earlier in microarray analysis that five hox genes, hoxa10b, hoxb2a, 

hoxc5a, hoxd3a and hoxc11b, were upregulated in thrombocytes, and since GATA1 that is lost 

when young cells mature (6), binds to the promoter of hox genes (1),  I first chose these genes to 

check their expression levels in young and mature thrombocytes. I separated young and mature 

thrombocytes by immuno-selection method (16), isolated RNA from each population and 

measured the mRNA levels. RT-PCR followed by agarose gel electrophoresis and ImageJ 

analysis showed similar levels of expressions for each of the selected hox genes in both young 
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and mature cells, except for hoxc11b, which was found only in young thrombocytes and not in 

mature population (Figure 4.1). 

I further wanted to knockdown each of these five hox genes by the piggyback method 

(11) and check if any changes in thrombocyte count occur using FC method (14). Since it is ideal 

to use the same fish and measure thrombocyte counts, before and after knockdown, to identify 

the role of hox genes in thrombopoiesis, I used both poking and incision methods to collect 

blood. Before conducting knockdown, I collected half a microliter of blood from adult zebrafish, 

by poking method, to measure the thrombocyte count. Since, poking and collecting blood affect 

thrombocyte counts, I determined thrombocyte counts by collecting blood  after 48 h by poking 

and found that there was no significant difference in thrombocyte counts in blood collected at the 

first time (zero time) and 48 h of first poking (Figure 4.2). Since, C-mpl is the receptor for a 

growth factor, thrombopoietin, which plays a key role in regulating thrombopoiesis (17-19), I 

chose c-mpl gene as a positive control for my experiments. c-mpl knockdown showed a 

significant reduction in the number of thrombocytes as measured by FC method (Figure 4.3). I 

knocked down each of the five hox genes, hox a10b,  hox b2a, hoxc5a, hox d3a and hoxc11b, 

and observed that all these knockdowns resulted in a significant decrease in number of 

thrombocytes, whereas knockdown of hoxc11b lead to a significant increase in thrombocyte 

count (Figure 4.4). So, I wanted to verify the extent of knockdown of hoxc11b by standard RT-

PCRs and real time RT-PCRs. Relative gene expression was calculated (20) by using ef1α 

expression levels as reference control. Both methods showed a significant reduction of about 

96% in hoxc11b mRNA levels in knockdown fish blood compared to control injected fish blood 

(Figures 4.5 and 4.6). 
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Subsequent to the above finding, I wanted to find out whether any of the rest of the hox 

genes present in the zebrafish genome plays a role in thrombocyte production. To address this 

question, I selected the rest of 47 hox genes selected from zebrafish ENSEMBL database and 

designed the probes for knockdown as described above (Table 4.3). First I established a normal 

range for thrombocytes in white cell fraction of zebrafish blood. I knocked down each of these 

47 hox genes and performed primary screening and found six hox genes, hoxb10a, hoxa9a, 

hoxb1a, hoxa5a, hoxd11a and hoxb6a, which showed significant decrease in thrombocyte 

counts. None of the 47 hox gene knockdowns showed an increase in thrombocyte counts (Figure 

4.7). I again repeated the knockdowns on those six hox genes in secondary screen and found 3 

genes, hoxa9a, hoxb1a and hoxa5a, in tertiary screening of these genes, we found 2 genes, 

hoxa9a and hoxb1a, positive (Figures 4.8 & 4.9). Since for each of the knockdown, we used only 

one fish for injection, secondary and tertiary screenings should eliminate any background 

mutations in the wild type fish. Since, hoxa9a and hoxb1a were found to be involved in 

thrombopoiesis and is a novel finding, I did BLAST analysis to compare the sequences of these 

two zebrafish genes with corresponding genes in human and found that they are 42% and 47% 

identical (Figures 4.10 & 4.11). Further, I also tested for differential expression of hoxa9a and 

hoxb1a in young and mature thrombocytes and found that these genes were expressed in both 

sub-populations of thrombocytes (Figure 4.12). 

Taken together, in the above experiments, I showed changes in thrombocyte counts in 

seven hox gene knockdowns, I wanted to test if the various knockdowns were affecting a specific 

thrombocyte population. So, I knocked down each one of these 7 hox genes and checked for 

changes in the counts of young thrombocytes by using DiI labeling. Specific concentrations of 

DiI has been shown to label only young thrombocytes (15). Gated from mepacrine-labeled total 
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thrombocytes onto DiI labeled cells separated the thrombocytes into two, DiI
+
 and DiI

-
 cells

(Figure 4.13).  Results showed that hoxc11b knockdown lead to significant rise in young 

thrombocytes counts whereas, in contrast, other six hox genes showed a significant decrease in 

young thrombocyte counts (Figure 4.14). 

Since, blood cells other than thrombocytes, could become BrdU labeled, I gated for 

mepacrine labeled cells only to identify the thrombocytes. During this study, I also observed that 

BrdU labels were found in a few young thrombocytes at 1 h after BrdU injection and higher 

percentages of young thrombocytes at 6 h and 12 h after BrdU injection. However, in mature 

cells, BrdU label was found at 12 h only (Figure 4.15), suggesting these cells were indeed young 

thrombocytes at 1 h and 6 h. Subsequently due to the maturation process, we observed BrdU in 

older mature cells. Previous results from our laboratory have shown that the BrdU incorporation 

was only seen in the DiI-labeled young thrombocytes and not in mature thrombocytes. This 

conclusion was because BrdU is incorporated when DNA synthesis occurs in newly formed cells 

after cell division. To confirm these results as well as to test whether the increase in DiI-labeled 

thrombocyte numbers in hoxc11b knockdown fish are truly due to the newly formed young 

thrombocytes, I performed knockdown of hoxc11b and after 48 h, I injected BrdU into a batch of 

fish. I collected blood from same fish at 6 h after BrdU was injected for analysis. The BrdU 

labeled cells were separated by immunostaining method. A significant increase in BrdU labeled 

thrombocytes was observed in hoxc11b knockdown fish (Figures 4.16 & 4.17). 

4.5 DISCUSSION 

I found seven hox genes, hox a10b, hox b2a, hoxc5a, hox d3a, hoxc11b, hoxa9a and 

hoxb1a, expressed in thrombocytes. Except hoxc11b, all other hox genes were expressed in both 

young and mature thrombocytes, whereas hoxc11b was only expressed in young thrombocytes. 
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In human megakaryocytes, only hoxa10 was shown to be expressed. Thus our results provide a 

basis to investigate the role of human orthologues in megakaryopoiesis. It is also been shown in 

humans that hoxa10 has a GATA1 binding site in its proximal promoter. But, our earlier results 

showed that GATA is lost during maturation of thrombocytes, and thus only young thrombocytes 

have GATA1 expression, and mature thrombocytes do not have GATA1 expression. hoxa10b in 

zebrafish is expressed in both young and mature thrombocytes. Thus it is intriguing that hoxa10b 

is expressed in the absence of GATA1 in mature thrombocytes. Since Fli1 is expressed in mature 

thrombocytes in mature thrombocytes, perhaps Fli1 may control the expression of hoxa10b. 

Interestingly, hoxc11b corresponds to GATA1 expression in young and mature thrombocytes. In 

this case, Fli1 may not control hoxc11b in the absence of GATA1 which raises a question of 

what other transcription factors are controlling hoxc11b. At present we don’t know what factors 

are controlling the other six hox genes that are known to be expressed in both young and mature 

thrombocytes. 

The very fact the knockdown of hoxc11b increases thrombocyte counts suggests that one 

could develop inhibitors for hoxc11b expression so that it could have a therapeutic value in 

thrombocytopenia. Recently forced chromatin loop modeling has been used to alter the globin 

gene expression (21). Thus, in the future, such technologies could be applied to suppress 

hoxc11b expression.  Furthermore, the knowledge on hoxc11b expression could be used to 

identify any mutations in these genes are present in humans that are associated with 

thrombocytosis. 

Availability of a cost-effective method of knockdown and a high throughput thrombocyte 

counting method developed in my earlier aims, made the genome-wide knockdown of hox genes 

possible. This is the first of its kind to conduct a genome wide knockdown of all the hox genes in 
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the zebrafish genome database, to study their role in thrombopoiesis. It also sets a stage for the 

future possibilities of such genome-wide knockdowns. 

Earlier in our laboratory, specific concentration of DiI was used to label only the young 

thrombocytes. Even though, it is possible to prepare a blood smear of DiI-labeled cells, it is 

difficult to do quantitative studies. Therefore, flow cytometry based counting of young 

thrombocytes labeled by DiI is a significant advancement and was useful in counting the earlier 

cells. 

Our results have further shown that most DiI positive thrombocytes were labeled by 

BrdU in a shorter period of pulse, confirming the earlier results, but in a quantitative method. 

Also, the hoxc11b knockdown results demonstrated an increase in BrdU labeled thrombocytes, 

suggested that the increase is due to production of new thrombocytes by cell proliferation and 

not by lack of apoptosis. 
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FIGURES 

Figure 4.1: Agarose gel electrophoresis showing the products obtained in RT-PCR of five 

hox genes, found in microarray analysis, in young (Y) and mature (M) thrombocytes. ef1α 

was used as reference standard. Bands in left 4 panels show hoxa10b, hoxb2a, hoxc5a and 

hoxd3a were expressed equally in both young and mature thrombocytes, whereas hoxc11b in the 

fifth panel (rightmost) shows its expression only in young thrombocytes. The bottom numbers 

represent the size of the bands in base pairs, corresponding to the lanes. 
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Figure 4.2: Bar graph showing the percentage of thrombocytes unaffected by poking 

method. There is no significant difference in the percentage of thrombocytes in blood collected 

by poking method, at zero hour (blue) and at 48 h (green), ANOVA, Holm-Sidak method. Bars 

represent the mean + 1SEM. ‘p’ represents p value. ‘n’ represents the number of fish. 
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Figure: 4.3: Effect of c-mpl (positive control) knockdown on the percentage of 

thrombocytes. Number of thrombocytes measured as percentage (%) is shown on Y-axis. Blood 

samples taken from same fish, before (blue) and after(red) knockdown of c-mpl, are shown on X-

axis. ‘p’ indicates a p value which is <0.05 showing a significant decrease (*), in % 

thrombocytes in samples obtained after c-mpl knockdown fish, compared to blood taken from 

same fish before knockdown. Statistical analysis was done by ANOVA, Holm-Sidak method. 

Bars represent the mean + 1SEM. ‘n’ represents the number of fish. 
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Figure 4.4: Measurement of percentage of thrombocytes in adult zebrafish, before and 

after knockdown of hoxa10b, hoxb2a, hoxc5a, hoxd3a, and hoxc11b genes. A significant 

reduction in number of thrombocytes, after knockdown of hoxa10b, hoxb2a, hoxc5a, and 

hoxd3a, are shown by brown bars compared to control with no knockdown (blue bars). hoxc11b 

knockdown showed a significant increase in number of thrombocytes. Asterisk denotes a 

significant difference in percentage of thrombocytes, between before and after knockdown blood 

samples. ‘p’ represents p value, which is <0.05 showing significance. Statistical analysis was 

done by ANOVA, Holm-Sidak method. Bars represent the mean + 1SEM.  ‘n’ shows the number 

of fish used in the respective knockdown. 
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Figure 4.5: Amplification of hoxc11b mRNA by real time RT-PCR. Graph shows about 95% 

reduction in hoxc11b mRNA in knockdown fish blood sample (red), compared to control with no 

knockdown fish (blue). ‘p’ represents a p value which was <0.05 showing significance. 

Statistical analysis was done by ANOVA, Holm-Sidak method. Bars represent the mean + 

1SEM. ‘n’ represents the number of fish used for knockdown. 
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Figure 4.6: RT-PCR of hoxc11b mRNA in control and hoxc11b knockdown fish blood.  

A) Representative gel of agarose electrophoresis showing products of 222 bp for ef1α used as

internal control, and 183 bp for hoxc11b. B) Graph shows the relative ratios of intensities of the 

above bands, showing a significant decrease (*) in hoxc11b knockdown fish compared to control 

fish. ‘p’ indicates the p value which is <0.05 showing a significant reduction.  Statistical analysis 

was done by ANOVA, Holm-Sidak method. Bars represent the mean + 1SEM. ‘n’ represents the 

number of fish used for knockdown. 
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Figure 4.7a: Primary knockdown screening of 47 hox genes selected from ENSEMBL 

zebrafish database. Mepacrine labeled thrombocyte population is separated from white cells 

and thrombocyte population is gated to show the percentage of thrombocytes. Knockdown of 

each hox gene is labeled above each panel. hoxb10a and hoxa9a that showed a significant 

reduction in the number of thrombocytes are labeled in red color. 

107



Figure 4.7b: Primary screening of 47 hox genes (continued). 
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Figure 4.7c: Primary screening of 47 hox genes (continued). hoxb1a and hoxa5a are labeled 

in red color and showed a significant reduction in the number of thrombocytes. 
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Figure 4.7d: Primary screening of 47 hox genes (continued). Labeled in red color are hoxd11a 

and hoxb6a that showed a significant reduction in the percentage of thrombocytes. 
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Figure 4.8: Secondary knockdown screening of 6 hox genes. Six hox genes that showed a 

significant decrease in the percentage of thrombocytes in primary knockdown screening were 

selected for secondary knockdown screening. The knockdowns that showed a significant 

reduction in the percentage of thrombocytes are labeled in red color.  
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Figure 4.9: Tertiary knockdown screening of 3 hox genes. Mepacrine labeled thrombocytes 

are gated in the above panels which show the percentage of thrombocytes. Three hox genes that 

showed a significant decrease in number of thrombocytes in secondary screening were selected 

for tertiary knockdown screening. hoxa9a and hoxb1a that showed a significant decrease in 

percentage of thrombocytes are shown in red color. 
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Figure 4.10: Comparison of zebrafish Hoxa9a with human Hoxa9 proteins by BLAST 

analysis showed 42% identity. The sequences were obtained from ENSEMBL zebrafish and 

human databases. 

Query  1    MSTSGALTGYYVDSIVIPGSEETRFSSG------LGLIQHRPTILPADLSDLGPCTFPAK  54 

M+T+GAL  YYVDS ++        S G      LG    +   L A+  D  PC+F +K 

Sbjct  1    MATTGALGNYYVDSFLLGADAADELSVGRYAPGTLGQPPRQAATL-AEHPDFSPCSFQSK  59 

Query  55   QPVYGTSDWGHIPTHFSTGVPSVYQPHAQPPVV---------------GDYVQSWL----  95 

V+G S W   P H +         +                     G Y++SWL

Sbjct  60   ATVFGAS-WN--PVHAAGANAVPAAVYHHHHHHPYVHPQAPVAAAAPDGRYMRSWLEPTP  116 

Query  96   -LDSACGLPQTEPPTVN---HNHAKSDTNETNDDGTEYSPHTILQPEVFTNGGCSTKTEA  151 

S  GLP + P  +     +  + D    +      + +    P V      S    + 

Sbjct  117  GALSFAGLPSSRPYGIKPEPLSARRGDCPTLDTHTLSLTDYACGSPPVDREKQPSEGAFS  176 

Query  152  ESSRTAEKSGDIEGKPGADPENPVSNWLHASSTRKKRCPYTKHQILELEKEFLFNTYLTR  211 

E++   E  GD   KP  DP NP +NWLHA STRKKRCPYTKHQ LELEKEFLFN YLTR 

Sbjct  177  ENNAENESGGD---KPPIDPNNPAANWLHARSTRKKRCPYTKHQTLELEKEFLFNMYLTR  233 

Query  212  DRRYEVARLLNLTERQVKIWFQNRRMKMKKFNKNETKED  250 

DRRYEVARLLNLTERQVKIWFQNRRMKMKK NK+  K++ 

Sbjct  234  DRRYEVARLLNLTERQVKIWFQNRRMKMKKINKDRAKDE  272 

hoxa9a 
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Figure 4.11: Comparison of zebrafish Hoxb1a with human Hoxb1 proteins by BLAST 

analysis showed 47% identity. The sequences were obtained from ENSEMBL zebrafish and 

human databases. 

Query  1    MDSSRMNSFLEYTICNRGTNAYSPKAGYHHLDQAFPGPFHTGHASDSYNADGRLYVGGSN  60 

MD +RMNSFLEY +CNRG +AYS     H    +FP    +  A DSY ++GR Y GG + 

Sbjct  1 MDYNRMNSFLEYPLCNRGPSAYS----AHSAPTSFPP--SSAQAVDSYASEGR-YGGGLS  53 

Query  61   QPPTAAAQHQHQNGIYAHHQHQNQTGMGLTYGGTGTTSYGTQACANSDYAQHQYFI--NP  118 

P       Q  +G  A    Q  + +G+ +  +  + Y   AC+ S Y   QY+

Sbjct  54   SP-----AFQQNSGYPAQ---QPPSTLGVPFPSSAPSGYAPAACSPS-YGPSQYYPLGQS  104 

Query  119  EQDGMYYHSSGFSTSNASPHYGSMAGAYC--GAQGAVPAAPYQHHGCEGQDHQRAYSQGT  176 

E DG Y+H S          YG+  G        G     PY        + Q A     

Sbjct  105  EGDGGYFHPS---------SYGAQLGGLSDGYGAGGAGPGPYPPQHPPYGNEQTASFAPA  155 

Query  177  YADLSASQGTEKDTDQP-----PPGKTFDWMKVKRNPPKTGKVAEYGLGPQNTIRTNFTT  231 

YADL +    +K+T  P     P  +TFDWMKVKRNPPKT KV+E GLG  + +RTNFTT 

Sbjct  156  YADLLSE---DKETPCPSEPNTPTARTFDWMKVKRNPPKTAKVSEPGLGSPSGLRTNFTT  212 

Query  232  KQLTELEKEFHFSKYLTRARRVEIAATLELNETQVKIWFQNRRMKQKKREKE--GLAPAS  289 

+QLTELEKEFHF+KYL+RARRVEIAATLELNETQVKIWFQNRRMKQKKRE+E   + PA  

Sbjct  213  RQLTELEKEFHFNKYLSRARRVEIAATLELNETQVKIWFQNRRMKQKKREREEGRVPPAP  272 

Query  290  STSSKDLE-DQSDHSTSTSPEASPS  313 

K+   D SD ST TSPEASPS 

Sbjct  273  PGCPKEAAGDASDQSTCTSPEASPS  297 

hoxb1a 
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Figure 4.12: Agarose gel electrophoresis of RT-PCR products of hoxa9a and hoxb1a 

mRNAs obtained from young (Y) and mature (M) thrombocytes. The numbers shown below 

the panels indicate the size of the products in base pairs. ef1α used as reference standard. hoxa9a 

and hoxb1a showed their expression in both young and mature thrombocytes. 
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Figure 4.13: Gating from mepacrine-labeled thrombocytes to identify thrombocytes in DiI 

labeled cells. Left panel shows the gating of mepacrine-labeled total thrombocytes. Right panel 

shows two gated populations; one that is on right side shows DiI-labeled cells (young) and the 

other population separated on left side shows the unlabeled (mature) thrombocytes when gating 

from mepacrine-positive thrombocytes onto DiI cells. Flow cytometric machine option was 

chosen to display only the thrombocyte population in the right panel. 
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 Figure 4.14: Percentage of DiI labeled (young) thrombocytes. Graph shows a significant 

decrease (*) in the percentage of young thrombocytes in blood samples obtained from  

hoxa10b  , hoxb2a  , hoxc5a  , hoxd3a  ,   hoxa9a  , and hoxb1a  , knockdown 

fish, and increase in hoxc11b     ,when compared to control fish       . 

Table shows the mean values of absolute numbers of total thrombocytes, 

in control and knockdown samples. 
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Figure 4.15: Gating of mepacrine labeled total thrombocytes onto anti-BrdU/FITC-labeled 

cells and in turn to DiI-labeled cells, to determine the time when it labels only young 

thrombocytes and not mature thrombocytes. Panels B1, B2 and B3 show the anti-BrdU/FITC 

labeled cells gated from mepacrine-labeled thrombocytes from the corresponding top panels A1, 

A2 and A3. Only DiI-labeled young and unlabeled mature thrombocytes are shown in panels C1, 
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C2 and C3 by removing white cells using the machine option. Gating of anti-BrdU/FITC-labeled 

cells from panels B1, B2 and B3 onto panels C1, C2 and C3 show that the anti-BrdU/FITC 

labeled thrombocytes, shown in blue dots, label only young thrombocytes and not mature 

population at 1 h and 6 h post-injection of BrdU; whereas panel C3 shows blue dots in both 

young and mature populations. 
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Figure 4.16: Representation of dot plots demonstrating cell proliferation in hoxc11b 

knockdown fish blood. Gating show anti-BrdU/FITC-labeled thrombocytes in control fish 

blood (left panel) and hoxc11b knockdown fish blood (right panel). The measurement of BrdU-

labeled thrombocytes in control and knockdown are shown in percentages, 2.5% for the control 

and 6.1% for the hoxc11b knockdown. 
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Figure 4.17: Quantitation of anti-BrdU/FITC labeled cells in control and hoxc11b 

knockdown fish blood. A significant increase (*) in labeled cells, in hoxc11b knockdown fish 

blood when compared to control fish blood is shown. ‘p’ indicates a p value of < 0.05. Bars 

represent the mean + 1SEM. ‘n’ represents the number of fish. 
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TABLES 

Table 4.1: Primers used for hox genes and ef1α. 
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Table 4.2 Anti-sense sequence designed for hox mRNAs. hox mRNA sequences were obtained 

from ENSEMBL database. Shown in violet color are the five thrombocyte upregulated hox genes 

selected from microarray analysis. hoxa9a and hoxb1a which are shown in red color were 

identified as positive regulators of thrombopoiesis in genome-knockdown screening.  
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CHAPTER 5 

CONCLUSIONS 

Zebrafish have been adapted to the field of hemostatic research in the past few decades 

and has proven to be an excellent model to evaluate thrombocyte development (1). Since our 

microarray analysis showed the upregulation of five specific hox genes, hoxa10b, hoxb2a, 

hoxc5a, hoxc11b and hoxd3a, and it was already known that Hoxa10 transcription factor plays a 

role in megakaryopoiesis, I wanted to knockdown each of these hox genes and study their role in 

thrombopoiesis. Since, an attempt to comprehensively knockdown all the hox genes had not been 

made so far and such study might identify additional hox genes involved in thrombopoiesis, I 

wanted to conduct a genome-wide scan of all the hox genes in zebrafish genome. Since, existing 

methods of knockdown using vivo-morpholinos (2) were not likely to be feasible for such 

studies, I first attempted to develop a cost-effective knockdown method.  

I designed an antisense deoxyoligonucleotide sequence (SO) to a thrombocyte-specific 

mRNA, αIIb, and piggybacked with control vivo morpholino (cVMO). I observed that the 

knockdown of this receptor protein and therefore I inferred that there was successful entry of  SO 

into thrombocytes when the mixture of SO/cVMO was intravenously injected into adult 

zebrafish (3).  This resulted in development of an inexpensive method of gene knockdown by 

target RNA degradation that can be used in zebrafish to study genes which have a role in 

hemostasis. The efficiency of this SO/cVMO hybrid method was 90% or greater. Furthermore, 

this technique offered an inexpensive option for large-scale gene knockdown since a single vial 

of cVMO can be used to create many SO hybrids. Thus, this technology provides the potential to 

conduct effective and inexpensive gene knockdowns across the entire zebrafish genome to study 

their role in thrombocyte function. 
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Since, I wanted to knockdown each of the thrombocyte-specific hox genes and count the 

number of thrombocytes, existing methods of thrombocyte counting was cumbersome, I 

therefore developed an FC-based method to measure thrombocyte aggregation using blood from 

wild type zebrafish which will be useful in studying thrombocyte function. In this method, I 

labeled the blood cells with mepacrine and used the white cell fraction. Flow cytometric analysis 

showed the separation of the thrombocytes from white cells and thus enabled thrombocyte 

counting (4).   The method can be used to monitor deficiencies in thrombocytes when one 

characterizes zebrafish mutants with thrombocyte defects. Furthermore, this FC method has high 

throughput capability. This distinctive advantage will make this method applicable to conduct 

genome-wide knockdown screens for thrombocyte function, especially considering the 

availability of the piggyback knockdown method. 

Using the above two methods of knockdown and thrombocyte counting, I first knocked 

down each of the thrombocyte-specific hox genes, hoxa10b, hoxb2a, hoxc5a, hoxd3a, and 

hoxc11b. By comparing the thrombocyte count in the blood collected from knockdown fish with 

that of in control fish blood, I identified that knockdown of hoxa10b, hoxb2a, hoxc5a, and 

hoxd3a were positive regulators; whereas hoxc11b was a negative regulator of thrombopoiesis. I 

also separated young and mature thrombocytes (5), and showed that hoxc11b was only expressed 

in young thrombocyte and hox genes, hoxa10b, hoxb2a, hoxc5a, and hoxd3a expressed in both 

the thrombocyte populations. 

A genome-wide knockdown of 47 remaining hox genes was conducted and similar 

studies to the above were done where I compared the thrombocyte counts of knockdown fish 

blood with control fish blood. This study identified two other hox genes, hoxa9a and hoxb1a, as 
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positive regulators. Thus, I identified seven hox genes, in total, that potentially have a role in 

thrombocyte production. 

To address the question if these hox genes were expressed in young and/or mature 

thrombocytes, I used a dye, DiI, to count young thrombocytes (6).  I observed that knockdown of 

hox genes, hoxa10b, hoxb2a, hoxc5a, hoxd3a, hoxa9a and hoxb1a lead to decrease in 

specifically young thrombocytes and knockdown of hoxc11b increased the number of young 

thrombocytes.  

Further, I addressed the mechanism behind the observed result of increase in thrombocyte 

count when hoxc11b was knocked down, by using BrdU which gets incorporated during DNA 

synthesis in actively dividing cells. Thus, I concluded that lack of hoxc11b induces cell 

proliferation. It is important to note that the appearance of BrdU labels in young thrombocytes 

took approximately 6 h (Figure 5.1). Similarly, additional 6 h time was needed for the 

appearance of BrdU labels in mature thrombocytes. Therefore, it seems that there is some 

precursor for the young thrombocytes in the kidney marrow, which is getting the BrdU labels 

and it is taking 6 h period to appear in the young thrombocytes. We do not know the nature of 

these precursor thrombocytes in the kidney marrow. However, in zebrafish embryos, localization 

of an undifferentiated, morphologically distinct, highly fluorescent, CD41-GFP, population at the 

ventral wall of dorsal aorta and slightly caudal to AGM region, was observed even before the 

initiation of definitive hematopoiesis. This population was speculated to be a thrombocyte 

precursor or pro-thrombocyte (7). In this context, in mammals the platelet formation from 

bipotent precursor cells, biEMPs in classical pathway and the involvement of various cytokines 

in their differentiation from HSC is well-documented (8). Recent cell culture and transformation 

studies demonstrate that megakaryocyte producing unipotent-precursor cell can arise from a 
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direct pathway and emerges at a very early stage of hematopoietic pathway (9) (Figure 5.2). We 

do not know whether the classical or direct pathway operates in definitive thrombopoiesis in 

zebrafish (10). Since the direct pathway is favored in mammalian hematopoiesis, the pro-

thrombocytes may differentiate directly from HSCs and may follow the direct pathway. Thus, 

the zebrafish thrombopoiesis seems to have some similarities with mammalian megakaryopoiesis 

and maturation. My finding of hox genes playing a role in thrombopoiesis may be useful in 

understanding the mammalian megakaryopoiesis. Interestingly, it was observed that there is a 

loss of hoxc11b expression in mature thrombocytes similar to the loss of gata-1 expression. 

hoxa10b, hoxb2a, hoxc5a, hoxd3a, hoxa9a and hoxb1a showed their expression in both young 

and mature thrombocytes suggesting that their control of expression may be by GATA-1 in 

young thrombocytes and later taken over by FLI-1. Since, GATA-1 is known to regulate the 

expression of hox genes (11), I propose that GATA-1 may be required for hoxc11b expression 

and therefore hoxc11b is not expressed in mature thrombocytes in the absence of GATA-1 

(Figure 5.3). Also, hoxc11b knockdown promoted cell proliferation which suggests that it is 

involved in negative control of thrombocyte production from pro-thrombocytes. However, the 

loss of hoxc11b in mature cells does not result in further proliferation of the terminally 

differentiated mature cells that lost the ability to divide. The loss of hoxc11b may be involved in 

maintenance of mature thrombocytes rather than proliferation. Therefore, understanding the 

genes controlling the production of young thrombocytes and maintenance of mature 

thrombocytes may shed light on the thrombopoietic/megakaryopoietic pathways. 

In summary, I developed two novel methods of knockdown and flow cytometry based 

thrombocyte counting. I identified seven hox genes playing a role in thrombopoiesis. This study 
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also sets as a model showing feasibility of such large-scale knockdowns and identified novel key 

players of hemostasis.  

131



FIGURES 

Figure 5.1: Thrombopoiesis in zebrafish. Presence of pro-thrombocyte is shown at 42 h (7).  

Release of young thrombocytes at 6 h and advancement to mature thrombocytes at further 6 h 

found in BrdU experiment is shown with an asterisk. 
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Figure 5.2: Classical and direct pathways of thrombopoiesis in mammalian system. 

Primitive hematopoiesis, shown on left shows the production of RBCs and myeloid cells and no 

platelet production in early embryonic development. Definitive hematopoiesis, shown on right 

illustrates 1) the classical pathway that goes through CMP and biEMPs giving rise to myeloid, 

erythroid and megakaryocytes/platelet lineages and 2) the most recent alternative direct pathway 

in which uniMKPs arise directly from a biased platelet producing HSCs and bypass CMP (1). 

Future studies on Hoxc11b inhibition on the steps regulated by GATA-1 and FLI-1 transcription 
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factors are indicated by question mark. HSC, hematopoietic stem cell; UniMKP, unipotent- 

megakaryocyte precursor; biEMP, bipotent- erythroid megakaryocyte precursor; CMP, common 

myeloid precursor. 
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Figure 5.3: A model proposed showing GATA-1/FLI-1 transcriptional control on hox gene 

expression. Presence of GATA-1 in young thrombocytes may promote hoxc11b and hoxa10b 

expressions; whereas FLI-1 may bind to hoxa10b promoter but not to hoxc11b promoter in 

mature thrombocytes. 
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