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Zebrafish hematopoiesis begins in an intra-embryonic tissue called the intermediate cell 

mass (ICM), which specifically expresses the erythroid-specific transcription factor 

GATA-1. Using a cDNA library constructed from embryonic zebrafish GATA-1-

positive cells, we identified a prothymosin alpha-like gene, ProTaL-1. RNA whole 

mount in situ hybridization showed that ProT~-1 was specifically expressed in the ICM. 

Microinjection of a construct encoding ProTa.L-1 fused to the green fluorescent protein 

revealed nuclear localization of ProTa.L-1. Oye~-expression of ProTaL-1 mRNA 

increased gata-1 expression, whereas knockdown ofProTaL-1 using an antisense, 

morpholino oligonucleotide resulted in a specific decrease of gata-1 expression in whole 

embryos. Fluorescence activated cell sorting analy~is of green fluorescent protein

labeled GATA-I-positive cells from transgenic zebrafish indicated that ProTa.L-1 acted 

primarily to increase the total number· of ~mbryonic hematopoietic cells. s·ince 

prothymosin alpha is conserved among species, ProTa.L-1 may play a role in promoting 
, ' 

proliferation ofhematopoietic-ptogenitor cells in,higher vertebrates. 
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INTRODUCTION 

A. Statement of the Problem 

The identification of genes important in vertebrate development is of paramount 

importance to our understanding of both health and disease. Classical genetic analysis of 

zebrafish has proven to be a powerful approach to studying mechanisms involved in the 

development of zebrafish; however these genetic screens have significant limitations. 

Genes. with subtle loss-of-function phenotypes or genes whose function can be 

compensated by other genes or pathways may never be identified. Thus, to identify all 

classes of developmentally important genes, other methods are needed to supplement 

classical genetic screens. 

Large-scale sequencing of cDNA clones randomly picked from libraries has also been 

shown to be an excellent method of identifying new genes (Adams et al., 1991; Adams et 

al., 1993; Adams et al., 1993b; Adams et al., 1995; Khan et al., 1992; McCombie et al., 

1992, Okubo et al. 1992; Hillier et al., 1996). This process, although useful, has 

disadvantages as well. cDNA librarie~ often contain a high frequency of undesirable 

clones, including ones that consist exclusively of poly(At tails of mRNAs, very short 

cDNA inserts, or a portion of the primer used for synthesis of the cDNA, as well as 

chimeric clones (Bonaldo et al., 1996). Another disadvantage lies in the fact that the 

frequency of occurrence of a particular cDNA clone within a library is in direct relation 

1 



to the concentration of its mRNA in the cell, leading to an unbalanced distribution of 

clones. To improve on these techniques, methods such as normalization and subtraction 

have been developed to bring the frequency of all the clones present in the library to 

within a narrow range (Soares et al., 1994). These techniques have already increased 

efficiency in large-scale sequence screening (Berry et al., 1995; Houlgatte et al., 1995) 

and generation of cDNA libraries in human (Khan et al., 1992), mouse (Adams et al., 

1993), and Schistosoma mansori (Adams et al., 1991). 

2 

In addition, methods such as dissection, subtraction (Houlgatte et al., 1995), and sucrose 

gradient sedimentation (Kopczynski et al., 1998) hav~-~-een u~ed to obtain a population of 

cells from a specific cell lineage. By synthesizing a cDNA. library from a pure population 

of cells, the overall number of clones to screen decreases and the subsequent 

characterization of selected genes also_ beco~es le~~ laborious. Furthermore, following 
' . ' , . . 

construction of such a library, the develop-merit of methods that allow for rapid screening 

of a large number of clones, referred to .as high-throughput screening, are also underway. 

In this study we wanted to cons_truct a single, lineage-specific cDNA library enriched in 

erythroid-specific genes. We sought to improve on the quality of obtaining a pure 

population of cells by employing a novel method based on fluorescent activated cell 

sorting (FACS) of a green fluorescent protein (GFP)-labeled population of erythroid 

cells. We also set out to establish a: high-throughput method utilizing methods such as 



polymerase chain reaction (PCR), Southern hybridization, in situ hybridization and 

sequencing analysis to identify new genes involved in hematopoiesis. Once genes are 

identified, we sought to characterize and define possible roles in hematopoietic 

development. The experimental results .show that: 

1. Cells from zebrafish specifically expressing GFP within a specific 

tissue can be isolated through FACS analysis. 

3 

2. RNA can be obtained from sorted GATA-1/GFPpositive cells and used 

to construct an erythroid precursor cell (EPC)-specific cDNA library. 

3. A high-throughput method of screening can be used to identify 

potentially important genes involved in zebrafish hematopoiesis. 

4. A number of genes were identified through the high-throughput screen, 

namely genes with homology to known genes, genes previously 

identified in zebrafish, and completely novel genes. 

5. A hematopoietic-specific prothymosin alpha-like (ProTaL-1) gene was 

isolated from the EPC-specific cDNA library. 

6. ProTaL-1 selectively enhances GATA-1 expression. 

This study, along with a previous study from our laboratory (Long et al., 2000), presents 

a method of combining both transgenic and molecular biology approaches to identify 

potentially important genes involved in zebrafish development. We have shown that a 

specific cell lineage can be effectively labeled, isolated, and made into a cDNA library 
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enriched in genes within that population of cells. We have also established a high

throughput method of screening the cDNA library for novel genes. This method has been 

used to identify over 20 novel genes expressed within the hematopoietic tissue of 

zebrafish. Characterization of these genes should help decipher the mechanisms involved 

in hematopoietic development. 



B. Review of Related Literature 

Hematopoiesis · 

Hematopoiesis is the process by which blood cells of multiple lineages are continuously 

produced throughout the life of an individual (Orkin 1995)~ This process begins with a 

small number of multipotent stem cells known as hematopoietic stem cells (HSCs). 

HSCs are a population of cells that hav~ .. t~e ability to self-renew and give rise to 

immature progenitor cells. This small population of HSCs gives rise to the multiple 

lineages of blood cells ( erythroid cells, lymphoid cells, myeloid cells, and 

megakaryocytes/platelet cells) through their progressive commitment to a single lineage. 

This commitment of the HSCs to a single lineage involves complex cell signaling and 

extensive transcriptional control. 

5 

Vertebrate hematopoiesis occurs in successive waves, each characterized by their 

location and genetic program. In mammals, birds, and amphibians, the first blood cells 

aris_e in the extra-embryonic blood islands of the yolk sac (Orkin 1995; Zon 1995). This 

stage of hematopoiesis is tenned "primitive" (embryonic) hematopoiesis. These cells are 

derived from the ventral mesoderm and are referred to as the embryonic red cells due to 

the fact that they are restricted to the erythroid lineage. The HSCs of the yolk sac are 

thought to play a mi·nor and transitory role in contributing to hematopoietic development 

in the fetal liver (Muller et al., 1994). An additional intra-embryonic hematopoietic cell 

population that will colonize the fetal sites of hematopoiesis and later initiate 

"definitive"(adult) hematopoiesis (Reynolds et al., 1985; Lassila et al., 1978) is present in 
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higher vertebrates. In mammals,_this region is known as the para-aortic splanchnopleura 

(Godin et al., 1993) or AGM region (aorta-gonad-mesonephros) (Kubai and Auerbach 

1983; Medvinsky et al., 1993, Medvinsky and Dzierzak 1996). A similar structure, called 

the dorsal lateral plate region, can be found in amphibians. It is within this structure that 

HSCs give rise to the lineages that will ultimately colonize the definitive hematopoietic 

organs (Turpen et al., 1997; Turpen and Knudson 1982; Kau and Turpen 1983; Maeno et 

al., 1985; Huber and Zon 1998). 

The next wave of mammalian hematopoiesis occurs sometime during midgestation in the 

fetal liver. These cells are dorsal mesoderm derived and are capable of giving rise to 

pluripotent hematopoietic stem cells that are capable of producing the complete set of 

hematopoietic lineages. These cells will ultimately populate the spleen, thymus, and 

adult bone marrow (Zon 1995). In contrast, the yolk sac and mesoderm-derived intra.

embryonic tissues of the chicken maintains erythropoietic activity until blood formation 

is established in the bone marrow (Zon 1995). This wave of hematopoiesis is referred to 

as "definitive" hematopoiesis and is ch~acterized by the changes in hemoglobin chain 

synthesis tha~ occurs as the sites of blood,_ forination change. from the fetal to the adult site 
. . . 

(Neinhuis 1987). The differences between the primitive and definitive erythroid cells 

brought about the idea that primitive and definitive hematopoietic stem cells originate 

independently from different embryonic sites, instead of sharing a common origin. 
. ' . '• ' . ... ; 

Although these waves of hematopoiesis· occur in different anatomical locations, many of 

the same genes are needed for both waves to proceed. The final site of hematopoiesis 



resides in the bone marrow. Blood cell formation in the bone marrow begins shortly 

before birth and continues in the bone marrow throughout the life of the vertebrate. 

7 
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Factors involved in hematopoiesis 

The hematopoietic system serv~s as a model for the development of different specialized 

cell types from multipotent stem cells (Zon 1995). · Lineage-specific gene expression 

appears to depend on the activities of a combination of factors in overlapping domains 

rather than a master regulator (Sieweke and Graf .1998; Ness and Engel 1994). During 

embryonic development, lineage-specified progenitor cells must expand to accommodate 

the rapid growth of embryos. To fully understand how hematopoietic proliferation is 

tightly controlled, identification of factors that regulate well-known hematopoietic genes 

is necessary. A schematic representation of the known factors involved in vertebrate 

hematopoiesis is represented in Figure 1. 

Prior to primitive hematopoiesis in vertebrates the establish!Ilent of the hematopoietic 

program begins with the induction and specification of ventral mesoderm to a 

hematopoietic fate. Molecular studies have uncovered a panoply of factors that induce. 

mesoderm, namely ~embers of the transforming growth factor-f3 (TGF-f3) superfamily, 

fibroblast growth factors, Wnt proteins, and noggin (Orkin 1995). Of these factors, bone 

morphogenic protein 4 (BMP-4), a TGF-f3 family member, has been implicated in 

mesoderm induction (Maeno et al., 1994; Amaya et al., 1991; Dale et al., 1992; Graff et 

al., 1994). The role of BMP-4 was revealed through molecular studies in which BMP-4 

activity_was··.removed or added. When B]yIP-4 function was removed, normal mesoderm 

. axis formation was disrupted resulting in a dorsalized embryo accompanied by a decrease 

in globin gene expression. Because globin genes are differentially expressed throughout 



development, they are often used as specific markers of the extent of erythropoiesis. 

Thus, a decrease in globin gene expression is indicative of a decrease in blood 

development. When BMP-4 function was added, globin gene expression was increased 

and the embryo was ventralized. In addition to inducing mesoderm, BMP-4 has been 

shown to play a role in other embryonic processes such as gastrulation and ventralization 

(Suzuki et al., 1994). 
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After ventral mesoderm induction, further specification to a hematopoietic fate is 

provided by the stem cell leukemia (scl)-gene. SCL is a basic helix-loop-helix -

transcription factor expressed in embryonic and extra-embryonic mesoderm as well as 

other sites (Kallianpur et ·al., 1994). This factor can be induced by BMP-4, and in mice 

lacking BMP-4, scl expression is lost in the ventral region of the embryo (Mead et al.,. 

1998) {Mead, Kelley, et al. 1998 39 /id}. These results suggest that scl is under the 

control of or is downstream of BMP-4. Due to the· time and place of scl expression and 

its proposed relationship with BMP-4, scl is thought of as an early marker of 

hematopoietic tissue. Expression of scl is found in erythroid, mast, and rhegakaryocytic 

cells. This expression pattern mimics that of a proven erythroid specific marker GATA-1 

(Visvader et al., 1991). Shevdasani et al. showed that when scl function is removed in 

mice, there is a partial loss of embryonic erythropoiesis and a later loss in the generation 

of red cells, myeloid cells, megakaryocytes, mast cells, and both T and B-lymphoid cells 

(Shivdasani et al., 1995). Since the lineages being affected are located in the site of 



embryonic hematopoiesis and affect all lineages subsequent to HSC expansion, SCL has 

been widely accepted as a factor involved in early hematopoiesis. Much like BMP-4, 

SCL has been found in cell lineages beside, those ,~nvolved in hematopoiesis. Scl 

expression has also been found in vascular endothelium (Kallianpur et al., 1994) and the 

developing brain (Green et al., 1992). Specifically, SCL has been shown to play a role in 

vascular development by angiogenic remodeling of the yolk sac capillary network into 

complex vitelline vessels (Visvader et al., 1998). 

During a search' for factors that might assist SCL in its role in early hematopoiesis, 

LM02, anot~er T-lymphoid acute leukemia oncoprotein, was identified. LM02 is found 

in the nucleus of erythroid cells (Valge-Archer et al., 1994) and a loss of this gene in 

mice resulted in a similar phenotype as seen in SCL mutants. When LM02 function was 

removed, embryonic erythropoiesis was severely depleted to levels similar to the scl 

model. Thus, these two factors are regarded as necessary factors in the specification of 

early embryonic hematopoiesis. To fully establish a hematopoietic system, the pool of 

HSCs must undergo two processes, both the expansion and maintenance of the different 

hematopoietic cell lineages created from the original pool of HSCs. Several candidates 

have been implicated in these two processes. Candidates range from factors belonging to 

families of growth factors to families of interleukins. Two such factors are GATA-2.and 

c-myb. 
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GATA-2 is a member of the GATA family of transcription factors. This family binds a 

specific DNA motif TIA (GATA) A/Gin the promoters or enhancers of many genes. 

Family members contain a conserved DNA binding region in two zinc-fingers. Gata-2 

mRNA levels were found to be highest in hematopoietic progenitor cells while also 

correlating with terminal differentiation of these cells. Since gata-2 is expressed early 

and expression decreases with terminal differentiation, it is thought to play a role in the 

expansion and mainten.ance of HSCs or progenitor cells. The idea that GATA-2 was an 

early factor in hematopoiesis was strengthened when gata-2 was found in the early sites 

of hematopoiesis in Xenopus (Walmsley et al., 1994). Another group found that if they 

removed GATA-2 function in mice, the generation of hematopoietic progenitors is not 

impaired, but the expansion or maintenan_ce of HSCs was affected as evidenced by the ~ 

reduced amount of primitive hematopoiesis (Tsai et al., 1994). These results then placed 

the function of GATA-2 after that of SCL and Lfy102, such that it plays a role after the 

specification of HSCs to a heplatopoietic fate. 

C-myb is a proto-oncogene product expressed in high levels in hematopoietic 

progenitors. C-myb expression pattern_ matches the time and place already specified for 

HSC expansion and maint~nance and its RNA tends to decrease as cells differentiate .. 

Characterization of c-myb was much like that of GATA-2. When c-myb function was i 

removed in mice, impairment in the expansion or maintenance of the HSCs or progenitor 

cells were observed through a decrease in the amount of primitive hematopoiesis. Again, 



like GATA-2, the generation of hematopoietic progenitors was affected. Further 

molecular studies revealed that c-myb specifically regulates the expression of 

proliferation-promoting genes and genes that inhibit the transcription of differentiation~ 

promoting genes (Evans 1997). Taken together, both GATA-2_ and c-myb regulate the: 

second step of hematopoiesis concerning the expansion/maintenance of HSCs or 

progenitor cells. Once the HSCs or progenitors have undergone direction through 

GATA-2 and c-myb, the next step is to induce the cells to select a specific cell lineage: 

and then mature in that lineage. Extensive·research was performed to identify and 

characterize factors that may regulate the process of lineage specification. 

I 

A factor associated with lineage selection and maturation towards the erythroid lineag~ is 

GATA-1. GATA-1 was the fiist GATA-family member isolated (Evans and Felsenfeld 

1989; Tsai et al., 1989). GATA-1 binds to cis-acting elements on promoters and 

enhancers of erythroid-specific genes to activate terminal differentiation. The role of 

GATA-1 in hematopoiesis was first elucidated when it was found expressed in the ventral 

mesoderm of the yolk sac and fetal liver fo mice. Specifically, GATA-1 was identifie~ in 
I 

I 

erythroid, mast, eosinophilic, and megakaryocytic cells (Kelley et al., 1994; Zhang and 
. I 

Evans 1994). Removal of GATA-1 in mice led to an ablation of primitive erythropoiesis, 
' i 

while definitive erythropoiesis continued, but not to maturation (Weiss et al., 1994). 'Fhe 

presence of definitive hematopoiesis was accompanied by an increase in GATA-2 

expression. These results led to a series of experiments to determine if other · 



GATA-family members could compensate for one another. Through targeted gene 

mutations it was found that GATA-1 is required for normal differentiation of erythroid 

cells, and other GATA'.-binding factors could not compensate for loss of GATA-1 

function (Pevny et al., 1991). ·Thus, the idea that some factors may cooperate for early, 

but not late, hematopoiesis/erythropoiesis was originated. The mechanism of GATA-1 

was further complicated by an experiment where GATA-1 was over-expressed. What 

investigators found was an increase in erythroid cells, but a decrease in myeloid cells. 

This revealed that some transcription factors might increase a certain lineage at the 

expense of another. Thus, GAT A-1 was found to be able to increase expansion of the 

erythroid lineage while disco1;1raging maturation of the myeloid lineage (Kulessa et al., 

1995). 

13 

GATA-1, like many other factors, does not act alone. Investigators identified a multiple 

zinc-finger protein that interacts with GATA-1, known as friend of GATA-1 (FOG). 

FOG expression overlaps that of GATA-1 in both erythroid and megakaryocytes and 

synergizes with GATA-1 in activating transcription from hematopoietic-specific 

regulatory regions in cell culture (Tsang et al:, 1998). · In experiments designed to remove 

FOG in mice but leave GATA-1 intact, a partial blockage of erythroid maturation was 

shown. Thus, normal erythrogenesis requires the synergistic effect of FOG and GATA-1. 
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Zebrafish characteristics 

Although mouse knockout technology has led to many important discoveries, the process 

is confined to studying only previously identified genes. Another restraint lies in the 

small litter size and internal development. of the mouse. Restraints such as these are 

absent in the zebrafish. The usefulness of zebrafish was first recognized by George 

Streisinger about twenty years ago at the University of Oregon (Streisinger et al., 1981). 

Streisinger analyzed these freshwater fish and noted several characteristics that would 

facilitate embryological and developmental experimentation. The first obvious 

characteristic is their small size. Adult zebrafish are around 1 inch in length, which 

allows for large numbers to be maintained in a small area. Also, unlike the mouse, 

female zebrafish can lay up to several hundred eggs per mating. The large production of 

eggs allows investigators to produce large numbers of embryos for visual and genetic 

screening in a short amount of time, overcoming the limitations of the mouse embryo's 

intrauterine growth and small litter sizes (Bahary and Zon 1998). The embryos 

themselves are fertilized externally, which is an important attribute that has been 

exploited by researchers in the production of haploid embryos for mutagenesis screens. 

Early embryos are transparent, revealing the simple organization of the zebrafish organ 

systems (Kimmel et al., 1995): Transparent embryos lend themselves as excellent 

candidates for lineage-tracing and transplant experiments. The transparency of the 

embryo also provides easy access to all developmental stages, which allows for easy 

observation of cell movement and formation of domains during gastrulation. 
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The generation time in zebrafish is short, usually between two to three months, and this is 

an important attribute to transgenic and genetic methodologies. Specifically, the quick 

development of the zebrafish can be useful in studying hematopoiesis (Bahary and Zon 

1998). For example, visible erythrocytes and a beating heart can be observed by 24 hours 

post fertilization (hpf). After 24hpf, somites begin to form followed by the formation of 

the brain, eye, ear, and notochord. In the proceeding days, other organs differentiate 

fully, followed by pigmentation of the embryo. Embryos begin to swim and feed 

somewhere around 6 days post fertilization (dpf) (Nusslein-Volhard 1994). The ease at 

which zebrafish can be observed also allows for time lapse studies to study and monitor 

cell division and patterning. Other than the phenotypic qualities exhibited by zebrafish, 

there are also a number of genotypic qualities that make them good models to study 

development. The chromosomal structure of zebrafish is much like that of the human 

(Postlethwait et al., 1998). Although zebrafish have 25 pairs of chromosomes compared 

to the 23· pairs of hum.a~s, their similar structure allows for positional cloning of zebrafish 

genes utilizing information from the Human Genome Project (Zon 1999). This cross talk 

between species has been termed "Genome Ping-Panging." Thus, the genetic 

information of one organism can he used to facilitate an understanding of the other. 

Although the zebrafish contain many advantages over some of the previous models used 

to study development, it does h_ave some drawbacks. Unlike the mouse model, isolation 

of embryonic stem cells for the purpose of gene knockouts is not available yet in 

zebrafish. The homologous recombination machinery is present, but investigators have 



yet to figure out a way to isolate or culture the embryonic stem cells. Genetic 

redundancy, probably resulting from duplication of the fish genome subsequent to the 

phylogenetic divergence of fish and mammals, in the zebrafish may also complicate 

things. Specifically, comparison of homologous developmental pathways could be 

complicated by the genetic red.undancy. Despite these drawbacks, ~e ability to exploit 

the zebrafish model has already led to important discoveries concerning the 

hematopoietic development of vertebrates. 

17 
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Zebrafish hematopoiesis 

I 

Zebrafish hematopoietic cell development occurs in successive waves of primitive and 

definitive hematopoiesis in a manner similar to higher vertebrates. Hematopoiesis begins 

with the induction and specification of ventral mesoderm to a hematopoietic fate before 

the start of primitive hematopoiesis. As in other vertebrates, specific factors have ·been 

suggested to play a role in the induction process. The discovery of the expression of 

GATA-2 and BMP-2, a BMP-4 homolog, at the site of ventral mesoderm induction at 

approximately 6 hpf is the first of the similarities (Nikaido et al., 1997). Further 

importance of BMP-2 in the induction of ventral mesoderm was elucidated to by 

Kishimoto et al. when they showed that mutating the BMP-2 gene caused a decrease in 

the production of embryonic blood, whereas over-expression of BMP-2 RNA led to an 

increase in embryonic blood development (Kishimoto et al., 1997). These experiments 

established a role for BMP-2 analogous to that of BMP-4 in higher vertebrates. 

As development continues, just as in the higher vertebrates, embryonic blood cells begin 
\ 

to commit to a specific lineage. This occurs between 12-18 hpf in the zebrafish. At this 

time, hematopoietic cells· begin to express gata-1, which as stated earlier is a known 

hematopoietic lineage-specific transcription factor_ (Detrich et al., 1995). Unlike the 

higher vertebrates, zebrafis~ do not contain yolk sac blood islands. Embryonic 

hematopoiesis occurs in a dorsal-lateral embryonic region of the tail bud (Al-Adhami and 

Kunz 1977; Detrich et al.,1995) called the intermediate cell mass (ICM). The ICM is 

formed in two paraxial stripes of mesoderm that arise during gastrulation and is 
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analogous to the yolk sac in other species (Willett et al., 1999). The ICM has been shown 

to express gata-2 and lmo2 early, which is then followed by gata-1, c-myb, globin, and 

scl expression. Expression of the early markers provides evidence of early primitive 

hematopoiesis, whereas the later markers reveal lineage commitment within the ICM. 

Thus, the ICM has been characterized as the early site of both primitive and definitive 

hematopoiesi~ (Bahary and Zon 1998). In addition to gata-1 expression in the ICM, 

gata-1 expression was also seen prior to ICM formation. Long et al. showed gata-1 

expression as two ventral/posterior mesodetm. stripes along the midline between the 

somites and yolk sac using transgenic- lineage tracing analysis (Long et al., 1997). It was 

not until 18-24 hpf that these cells converged into the region of the ICM. An interesting 

finding concerning the ICM is reported.by-Liao et,al. and Thompson et al. who looked at 

the differential expression of several hematopoietic transcription factors in the posterior 

region of the ICM (Liao et al., 1998; Thompson et al., 1998). Lmo2 and gata-2, but not 

gata-1, c-myb, or any globin gene expression was apparent in this region of the ICM. 

This led investigators to believe that this region of the ICM is giving rise to an 

undifferentiated hematopoietic stem cell population. 

Cells of the ICM enter circulation between 24-30 hpf (Detrich et al., 1995). This marks 

the first anterior migration of the blood cells, which is another characteristic of zebrafish 

hematopoiesis (Willett et al., 1999). During this time the ICM disappears, but 

hematopoietic markers persist until 4 dpf in a region of the tail posterior to the ICM 

(Thompson et al., 1998) and ventral to the axial vein (Liao et al., 1997). Also, sometime 
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around 24 hpf the heart begins to:beat and primitive blood cells accumulate in a region 

below the dorsal aorta (Willett et al., 1999). It is thought that this site may mark a 

transient site of hematopoiesis in the zebrafish. This agrees with the idea that a few 

pluripotent hematopoietic cells exist at locations other than the ICM, namely the ventral 

wall of the aorta and in the region in the tail posterior to the ICM (Liao et al., 1997; 

Thompson et al., 1998). These structures may serve as the zebrafish analogs to the AGM 

region in mammals; Although the afore nientioned data support the idea of multiple 

locations of pluripotent hematopoietic celis, Willet et al. failed to find any hematopoietic 

progenitor cells in the region of the dorsal aorta, even though c-myb expression in that 

region as well as the region in the tail posterior to the ICM had been previously noted 

(Willett et al., 1999; Thompson et al., 1998). It is now assumed that these regions may 

mark the site of primitive to definitive hematopoietic transition in the zebrafish 

(Thompson et al., 1998). 

By 4 dpf, hematopoietic progenitors move to an area in the developing' pronephros (head 

kidney) from the regions of the dorsal aorta and tail. The pronephros marks another 

difference between zebrafish and higher vertebrate hematopoietic development. Thus, 

the pronephros serves as an analogous site to the bone marrow in higher vertebrates, as it 

serves as the site of adult hematopoiesis (Al-Adhami and Kunz 1977; Willett et al., 

1997). The zebrafish mesonephros (trunk kidney) is.also hematopoietic, but its role is 

predominately filtration"(Willeti et al., 1997) .. Although the kidney is well-developed at 

72 hpf, it is not until 96 hpf that the first hematopoietic cells appear. At this time 
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erythrocytes, lymphocytes, and granulocytes are all detectable. The kidney thus serves as 

the site where immature blood cells mature. This notes another difference between 

zebrafish and higher vertebrates, where the spleen and liver serve as sites for further 

maturation of blood cells. In zebrafish, although both mature and immature red blood 

cells have been found in the spleen, the spleen is thought of more as a recycling site of 

blood cells rather than a site of blood cell production. The kidney's hematopoietic role 

can also be seen through the expression of multiple hematopoietic markers such as gata-

1, c-myb, gata-2, and scl in the tissue comprising both the head and trunk kidneys 

(Willett et al., 1997). 
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Zebrafish transgenesis 

As with most animal models, transgenesis remains a highly important method for 

studying various aspects of development in the zebrafish. In order to produce transgenic 

zebrafish, DNA is introduced into the embryo, becomes incorporated into the 

chromosomal DNA~ and is transmitted to subsequent generations. Some of the methods 

for introducing DNA into the embryo include high-velocity microprojectiles (Zelenin et 

al., 1991), electroporation (Powers et al., 1992; Muller et al., 1993), retroviral infection 

(Lin et al., 1994), and, most commonly, microinjection (Stuart et al., 1988). The 

exogenous DNA can be in the form of a circular plasmid, linearized plasmid, BACs, 

PACs (Jessen et al., 1998), and retroviral vectors. Typically, plasmid, BAC, and PAC 

DNA is injected into the cytoplasm of the one-cell embryo, while retroviral vectors are 

injected later into blastula-stage embryos. Plasmids most often provide enough sequence 

for proper transgenic expression, yet sometimes the large regions contained in BACs or 

PACs need to be used to obtain proper regulation since the site of integration can 

influence expression (Jessen et al., 1998). 

Although retroviral vectors have been shown to provide a higher rate of incorporation, 

the amount of coding capacity of these vectors for exogenous DNA is small; therefore, 

they have been used more for insertional mutagenesis forward screens rather than 

transgenic analysis. As an alternative to chemical mutagenesis, retroviral infection of 

zebrafish has been pursued to mutate developmentally important genes through proviral 
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insertion. Using a high titer virus, retroviral infection can serve as an efficient means to 

disrupt essential genes by delivering multiple insertions of foreign DNA into the germline 

(Meisler 1992). This has laid.the groundwork to conduct a small-scale inseitionai 

mutagenesis screen in zebrafish (Allende et al., 1996; Gaiano et al., 1996). An advantage 

of using retroviral infection as ~pposed to a chemical mutagen lies in the fact that by 

knowing DNA sequences in the retrovirus, inverse PCR can be utilized to begin the 

process of cloning the mutated gene (Amsterdam et al., 1999). 

As with other animal models, transgenics can also be used to study the effects of 

exogenous DNA on the development of the embryo. This has predominantly been 

accomplished using DNA microinjection to introduce reporter genes under the control of 

specific regulatory sequences. Using different regulatory sequences, the exogenous DNA 

can be ubiquitously over-expressed or.cart be expressed in the correct temporal and 

spatial manner as determined by develtjpment.· The exogenous DNA itself can consist of 

various configurations, including wild-type sequences or dominant negative forms. One 

advantage for transgenesis in zebra.fish lies in its transparent body, which allows for in 

vivo analysis of transgene expression using the GFP reporter gene, a protein from the 

jellyfish Aequor~a victoria. 
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GFP has the ability to fluoresce upon exposure to ultraviolet light without the addition of 

an exogenous substrate (Chalfie et al., 1994). Microinjected plasmid DNA can integrate 

into the genome and be passed through the germline in a Mendelian fashion (Stuart et al., 

1988; Stuart et al., 1990; Culp et al., 1991; Westerfield et al., 1992; Gibbs et al., 1994; 

Lin et al., 1994; Amsterdam et al., 1995; Amsterdam et al., 1996; Long et al., 1997, 

Higashijima et al., 1997; Meng et al., 1999). 

Transgenic approaches in the zebrafish provide a unique in vivo system to identify and 

characterize the function of genes that are co-expressed with a particular gene of interest. 

DNA constructs containing the putative zebrafish promoter sequence of gata-1 and GFP 

have been used to make living transgenic zebrafish (Long et al., 1997). This zebrafish 

made it possible to visualize the origin and migration of cells expressing GATA-1, 

namely erythroid cells, while also making it possible to isolate the earliest erythroid 

progenitor cells by FACS. 
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Zebrafish mutants 

Studies in the late 1970s showed that developmentally important genes could be 

identified by saturation mutagenesis in Drosophila melanogaster (Nusslein-Volhard and 

Wieschaus 1980). Since then, two large-scale genetic screens for zebrafish mutants have 

revealed that this approach is also applicable to a vertebrate organism (Driever et al., 

1996; Haffter & Nusslein-Volhard 1996). These studies incorporated the use of N-ethyl

N-nitrosourea (ENU) to randomly introduce point mutations in zebrafish sperm, which 

were then used to fertilize eggs in vitro (Soinica-Krezel et al., 1994). These screens 

relied on the ability to visually identify a mutant phenotype within the treated embryos. 

Many factors necessary for proper hematopoietic development in vertebrates have now 

l;>een identified. Much information leading to the identification of these factors has come 

through analyzing the phenotypic change associated with a loss-of-function in the various 

animal model systems. Expression analyses can show the proper temporal and spatial 

regulation of a gene supporting a hematopoietic contribution; yet, these techniques can 

not yield an adequate understanding of the gene's importance to hematopoietic 

.development. A more drastic phenotype due to a loss of function would tend to implicate 

a gene as a major player in hematopoiesis when compared to a lesser phenotype. Large

scale mutagenesis of the zebrafish genome has provided many loss-of-function 

phenotypes to stuq.y and identify key factors of hematopoiesis ( see Figure 1 for a partial 

list of mutants (Weinstein et al., 1996; Ransom et al., 1996). These mutants have been 
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categorized into four phenotypic classes, two of which are (1) bloodless mutants and (2) 

mutants with decreased blood counts (Ransom et al., 1996). 

The zebrafish mutant cloche, named for its bell-shaped heart, i~ a prehematopoietic 

mutant ori,ginally occurring spontaneously in nature and later identified in a chemical 

mutagenesis screen. The body plan of clQche is normal; however, the mutants lack 

mature erythrocytes and endothelial-derived endocardium (Stanier et al., 1995). In situ 

analysis of lmo2 and gata-2, markers for both early h~matopoietic and vascular 

development, shows reduced expr~s~ion in cloche mutants compared to wild type 

(Thompson et al., 1998). In wild-type fish, the expression offlk-1, a marker for 

endothelial cells, is found through_put the embryo and differentiate to form the nascent 

. . ' ' ' . 

vasculature. In cloche mutants, flk-1 expression is restricted to the lower trunk and tail 

region and the expression is delayed as compared to wild-type embryos. In addition, 

gata-1 expression is restricted to these Flk-1 positive cells (Liao et al., 1997). · 

Experiments have shown that cells withfo the ventral marginal zone of the zebrafish are 

multipotent and are able to give rise to both endothelial and hematopoietic lineages as 

well as other mesodermal lineages (Liao et al., 1997). The restricted expression of both 

the endothelial and hematopoietic markers in an overlapping pattern help to further 

support this initial observation of a common progenitor. Analysis of c-myb, a marker for 

definitive hematopoiesis, expression is little to none at 24 hpf and completely absent by 

48 hpf (Thompson et al., 1998). Expression of scl, a transcription factor present in 

hematopoietic stem cells and endothelial and neural progenitors, is virtually nonexistent 
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. . . 

in cloche mutants (Zhou et at, 1998)._ !he ~loche mutant phenotype is rescued by forced 

scl expression, leading to the conclusion that the cloche mutation is upstream of scl in 

hen:iatopoiesis (Zhou et al., 1998).- Using cell transplantation experiments, the cloche 

mutation has been shown to be cell autonomous with respect to the missing endocardium. 

However, mutant cells placed in a wild-type host reveal that the mutation is non-cell 

autonomous for hematqpoietic differentiation by their expression of gata-1 but is cell 

autonomous for hematopoietic proliferation by little to no contribution to the mature red 

blood cells (Parker and Stanier 1999). Tlie cloche mutation helps to further our 

knowledge of the intricate interactions of early hematopoietic signals while supporting an 

interesting observation that common progenitors are shared between endothelial and 

hematopoietic lineages. 

The zebrafish mutant moonshine, which has a bloodless phenotype, was also generated in 

the large-scale chemical mutagenesis screen. Named for the rays of light produced by the 

presence of increased numbers of iridophores (Kelsh et al., 1996), moonshine appears to 

be defective in the signals needed for proper proliferative of embryonic proerythroblasts 

and differentiation of definitive erythrocytes. The moonshine phenotype was initially 

correlated to eight different alleles generated in the_mutagenesis screen. All alleles are 

recessive, bloodless, cause severe anemia, and are embryonically lethal except one, 

which can produce 50-100 circulating proerythroblasts. All have defects in fin 

morphology, having ajagged·tail fin, and in pigment cell proliferation and migration, yet 

melanocytes appear normal. Analysis of gata~2 expression in the moonshine mutants 
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reveals wild-type patterning and quantities; however, gata-1 expression is reduced 

depending on the strength of the allele. The seven weaker moonshine alleles are able to 

produce roughly 50-100 circulating blood cells by day five compared to the wild-type 

levels of 1000-3000. Morphological analysis reveals that the circulating blood in the 

moonshine mutants consists of proerythroblasts, whereas wild-type fish have circulating, 

mature erythrocytes by day five. The.moonshine mutants also lack hemoglobin 

expression as shown by o-dianoside staining. The moonshine· phenotype closely 

resembles the mouse models W, a null c-kit mutation, and Steel, a mill c-kit ligand 

mutation. Both of these mutations produce defects in definitive hematopoiesis, yet they 

show no defect in primitive erythropoietic pro~iferation (Ransom et al:, 1996). 
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Prothymosi~ alpha 
. . ' 

-Prothymosin a (ProTa) was initially isolated from a rat thymus as the precursor of 
. . ' , 

thymosin a1 (Ta1) (Haritos et aL, 1984). At the time of its discovery, Ta1 was a thymus-
- -

specific peptide thought to serve a critical role in the maturation and development of the 

immune system, specifically-the intrathymk mattir~tion of T-cells. Ta1 is a small peptide 

(28 amino acids), which led researchers to hypothesize that it was not a primary 

translation product, but rather derived from a proteolytically processed precursor. It was 

within a search for such a precursor that ProTa was isolated. Sequence analysis of 

Pro Ta indicated that Ta1 comprised the first 28 residues of Pro Ta. 

Given the obvious protein sequence similarity, several findings laid doubt to ProTa 
. -

simply being a precursor to Ta1. The detection of Pro Ta protein and mRNA in both 

lymphoid and non-lymphoid tissues (Eschenfeldt and Berger 1986; Gome~-Marquez e~ 

al., 1989), the absence of a signal peptide, and the finding that ProTa mRNA is translated 

on free polyribosomes caused serious doubts that ProT~ was a secretory peptide. This 

was further supported by the acidic character (pl 3;55), wide distribution and abundance 

of the protein, and the presence of a nuclear localization signal, which led to the belief 
- ' 

that ProTa had a nuclear site of action (Gomez-Marquez et al., 1988; Watts et al., 1989; 

Manrow et al., 1991). This hypothesis of a nuclear site of action was solidified when 

P~oTa was found in the nucleus of every mammalian cell examined and is also 

continuously present in all stages of the cell cycle (Bustelo et al., 1991). 
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Further characterization of ProTa was uncovered when expression of the gene was found 

to be correlated with cell proliferation in a variety of cells, leading to a possible role in 

tissue cell growth (Eschenfeldt and Berger 1986; Gomez-Marquez et al., 1989; Bustelo et 

al., 1991). In addition, ProTa transcription has been found to be regulated by the c-myc · 

gene (Eilers et al., 1991), a major player in the control of proliferation. Antisense studies 

using ProTa antisense oligonucleotides revealed that human myeloma cells were unable 

to divide in the presence of the antisense oligos and only resumed division when the 

oligos were depleted from the medium (Sburlati.et al., 1991). A similar study was 

performed in human HL-60 cells in which the antisense oligonucleotides produced an 

inhibition of cell proliferation at low ~oncentrations and an induction of apoptosis at 

higher concentrations (Rodriguez et al., 1998). Over-expression of Pro Ta was found to 

increase proliferation by shortening the G 1 phase of the cell cycle while retarding 

differentiation of HL-60 cells (Wu etal., 1997; Rodriguez et al., 1998). 

A definitive role for ProTa is still not fully established, but a general model has been 
. .. 

proposed. The model suggests a role in chromatin organization based on its high 

concentration in the nucleus, its resemblance to other chromatin/chromosomal proteins 

(based on its acidic nature), its structur3:l similarit~ to nucleoplasmin (a chromatin 

remodeling protein in Xenopus) and its-ability to bind linker histone Hl in vitro (Segade 

and Gomez-Marquez- 1999; Rodriguez et al., 1998; Karetsou et al., 1~98}. 



C. Rationale and Specific Aims · 

Hematopoiesis can be defined as the process by which blood cells acquire defining 

phenotypes as a result of coordinated~ cell-:~pecific gene expression (Shivdasani and 

Orkin 1996)~ The pattern of gene expression within a particular cell is a direct result of 
. . . ' - . ,. 
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cell-specific transcription factors mediating the net effect of a variety of proliferation and 

differentiation signals. In this context; hematopoietic development exemplifies many of 
.. . 

the key events underlying v~rtebrate organogenesis, such as tissue induction, patterning, 

stem cell biology,. cell fate decisions, 8:Ud differentiation (Amatruda and Zon 1999) . 
.... _, . ' 

I . C 

Therefore, an understanding of transcription factors and the signals affecting their 

function is of vital importance. A rich source of insight into these processes have come 

. from naturally occurring and induced mutations in invertebrates and lower vertebrates, 

specifically Caenorhabditis elegans, Drosophila, and Danio rerio (zebrafish). Although 

useful, naturally occurring and induced mutations only highlight a fraction of genes and 

until recently, limiteq. the ability to study the effects of induced mutations in vivo. The 

introduction of gene knockout technology in the mouse furthered the ability to study gene 

function, but this technique relies on already identified genes of interest.) In addition, 

large-scale sequencing, dissection, subtraction, and sucrose gradient sedimentation have 

all been used in the search for genes involved in hematopoietic development. 

Combining both transgenic and molecular biology approaches to construct a single 

lineage-specific, erythroid precursor cell cDNA library could supplement classical 

genetic studies. By synthesizing a cDNA library from a pure population of cells, the· -
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overall number of clones to screen will decrease and the subsequent characterization of 

selected genes would also become less laborious. Characterization of these genes should 

help decipher the mechanisms involved in hematopoietic development. Establishing this 

type of procedure could also be applied later, in the analysis of other cell lineages within 

the vertebrate system. 

The Specific Aims of this study were: 

1) To develop a high-throughput approach to identify potentially important genes involved 

in hematopoiesis in the zebrafish 

2) To characterize and determine a possible role for the prothymosin alpha-like clone, 

ProTaL-1, in hematopoiesis through genetic and molecular analysis. 



MATERIALS AND METHODS 

Section A. Constru_ction of an EPC-Enriched cDNA Library 

1. Maintenance and collection of transgenic embryos 

Zebrafish are maintained in a controlled environment at a room temperature of28.5°C on 

a 14 hour: 10 hour light:dark cycle (lights on at 8 AM). Zebrafish are stored in 5 gallon 

tanks, continuously supplied with filtered reverse osmosis H20 containing enough Instant 

Ocean™ salt (Aquaculture Supply) to yield a salinity reading of 450-500 µS (referred to 

as fish water). Zebrafish are fed three times a day with brine shrimp in the morning and 

evening and with general flaked fish food in the afternoon. 

Two days prior to collection, 10 male-female pairs of GATA-1/GFP homozygous adult 

zebrafish and 2 male-female pairs of wild-type adult zebrafish (3-12 months old) were 

placed in breeding mouse cages (Nalgene) containing breeding traps and a divider 

(Aquaculture Supply) to separate the fish. Wild-type embryos served as a negative 

control for fluorescence in the sorting process. On the morning of the day prior to 

collection and after the lights had come on, the breeding traps ( containing the separated 

fish) were placed into new mouse cages half full with fresh fish water. The dividers were 

then removed, allowing the fish to mate .. E~bryos from the trans_genic and wild-type 

matings were individually collected in'S0 ml beakers approximately 10 minutes after the 

33 
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fish were mated. · The collected embryos were placed into separate Petri dishes containing 

fresh fish water and incubated at 28.5°C for 20-24 hours. On the day of collection the 

embryos were placed into new 50 ml beakers. The fish water in the beakers was replaced 

with 10-15 ml of a diluted pronase solution (Sigma; 30 mg/ml pronase stock solution was 

made in ddH2O, pH 7.0; stock solutions were self-digested at 37°C for 1 hour and stored 

in 10 ml aliquots at -20°C) and the beakers were. placed in a 28.5°C incubator for 3-5 

minutes (for chorion removal, approximate! y 1 mg/ml Pronase was made in Holtfreter' s 

solution; 7.0 g NaCl, 0.4 g NaHCO3, 0.2 g CaC12 (anhydrous), 0.1 g KCI; dissolved in 2 

litres ddH2O with 50- µI of concentrated ·HCI, final pH of 6.5-7 .0; made fresh each day). 

As the chorions began to drop off, the embryos were gently washed 5-10 times with 

Holtfreter' s solution to remove the Pronase and all remaining chorions. Embryos were 

examined under a fluorescein isothiocyanate filter (FITC) (filter set 09; excitation BP 

450-490 nm; beamsplitter Ff 510; emission LP 520 nm) on a Zeiss Axioplan 2 

microscope with an AttoArc microscope illuminator (HBOlO0w) equipped with a color 

video camera system. The objectives used in this study included Pfan-APOCHROMAT 

5X/0,16; Plan-NEOFLUAR lOX/0,30; Plan-NEOFLUAR 20X/0,50; and ACHROPLAN 

63X/0,90 (Carl Zeiss). 
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2. Isolating GA TA-1/GFP positive cells 

Approximately 200 GATA-1/GFP transgenic or wild-type embryos were placed into 

separate 1.5 ml microcentrifuge tubes and washed 2 times in fresh Holtfreter' s solution. 

The embryos were disrupted in Holtfreter's solution using a 1.5ml nuclease-free pellet 

pestle (Kontes Glass, OEM74952-1590). Cells were collected via centrifugation at 800 

rpm for 5 minutes. The aqueous supernatant was removed and 1000 µl of Holtfreter' s 

solution added to the cellular pellets. The cellular pellets were disrupted again using a 

new 1.5ml nuclease-free pellet pestle and cells collected as mentioned above. Again the 

aqueous supernatant was removed from the pellets and 500 µl of lx trypsin/EDT A was 

added to each pellet. The pellets were gently resuspended in lx trypsin/EDT A and 
-, 

incubated for 15 minutes at 32°C. Cells were washed twice in ca++ free PBS, passed 

through a 40 micron nylon mesh filter to remove all noncellular debris or large cell 

clumps, and collected in sterile 6 ml, 12x75mm tubes with 40 µm strainer cap tubes. 

First, the wild-type cells were subjected to FACS under normal FITC conditions to 

determine the constraints of the gates. Gates were set to maximize the specificity of the 

sorting process and to eliminate any non-specific fluorescing cells (dead or dying cells 

tend to autofluoresce). Once the gates were set, the transgenic cells were subjectedto 

FACS. To determine the purity of the transgenic sorted cells, the cells were collected in 

Ca++ free PBS and subjected to FACS analysis µnder the same FITC conditions used for 

sorting usirig a FACS, Calibur ~nalyzer (Becton Dickinson). Collection of cells for RNA 

isolation \Yere subjected to FACS under normal FITC_conditions and collected in Trizol 

Reagent (GIBCO-BRL) and stored at _-80°C. 
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3. Isolation of mRNA from GATA-1/GFP positive cells 

· Total RNA was isolated from the transgenic-sorted cells via the Trizol method (GIBCO

BRL) according to the manufacturers'instructions. mRNA was isolated from total RNA 

using the Poly ATtract System 1000 (Promega) according to the manufacturers' 

instructions. mRNA was eluted with 200 µl of nuclease-free water into a nuclease-free 

1.5 µl microcentrifuge tube. To precipitate the mRNA, 20 µl of 3M NaAc and 200 µl of 

isopropanol were added to the eluted mRNA, mixed gently, and stored at -70°C. 

4. Construction of the library 

Frozen mRNA i_n 3M NaAc and isoprop·anol was sent to Clontech for the purpose of 

generating a directionally cloned erythroid progenitor.cell~specific cDNA library (see 

Figures 2 and 3 for construction strategy). The library was constructed from the sorted 

cell poly (A/ RNA using the SMART cDNA Library Construction Kit (Clontech) with a 

phagemid cloning vector,: Lambda TriplEx, according to the manufacturers' instructions. 

This system allows for directional cloning of cDNA inserts and can express cloned 

cDNAs in all three reading frames. Using a Cre-loxP automatic subcloning system, a 

· lambda TriplEx phage can be converted into pTriplEx plasmid. The first-strand reaction 

is catalyzed by MMLV reverse transcriptase (RT) using a modified oligo (dT) 

oligop.ucleotide primer, SMART oligonucleotide. When RT reaches the 5' end of the 

poly (A/ RNA, the enzyme's tenninal transferase activity adds 3-5 deoxycytidine 

nucleotides to the 3' end of the first-strand cDNA. The 3' end of the SMART 

oligonucleotide, which contains a stretch of G residues, anneals with the C-rich motif, 
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fonnin·g an extended template: RT then switches templates and replic_ates the 

oligonucleotide. The resulting single~stranded cDNA has a sequence complementary to 

the SMART oligonucleotide at the 3' end and a sequence of the oligo( dT) primer at the 5' 

end. The two SMART oHgonucleotides used in this study contain Sfi I sites with either 

the sequence AAT or GGC attached to the 5' and 3' oligonucleotides respectively. The 

addition of these sequences will be used to as~ist in directional cloning. 

For ~his study, cDNAs were directionally cloned into a custom pTriplEx vector, 

pTriplEx2 vector (Figure 4) via S.fi I sites. This vector is ampicillin resistant and contains 

a T7 site at the 3' end, which will later assist in generating DIG labeled antisense probes 

for in situ analysis. Two primer sites are also present that will be used to amplify the 

cDNA insert and also for sequencing purposes, 5' LD-insert screening amplifier and the 

3'-LD insert screening amplifier. PCR using these primers will allow us to amplify the 

insert with the T7 site intact within the PCR product. The unamplified phage library was 

converted into plasmid containing approximately lx106 clones. The library was placed 

into several 500 µl microcentrifuge tubes without further amplification and frozen at 

-80°C for storage. 



Figure 2. Sirategv used to obtain a pure population of ervthn1.id.progenitor cells. 

Embryos from GAT A-1/GFP transgenic zebr8:fish were C<?llected and grown at 285°C 

for 20-24 hours. Approximately 200 GATA-1/GFP transgenic embryos were placed into 

1.5 ml microcentrifuge tubes, homogenized, and subjected to fluorescent activated cell 

sorting (F ACS) to obtain a pure population of GFP positive cells. 
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Figure 3. Strategy used to generate a directionally cloned erythroid progenitor cell

specific cDNA library. 

To generate a directionally cloned erythroid progenitor cell (EPC)-specific cDNA library, 

total RNA was extracted from GATA-1/GFP-positive cells (as shown in figure 2). Next, 

m.RNA was isolated from the total RNA and used as the template to generate first strand 

cDNA. cDNAs were directionally cloned into a custom pTriplEx vector, pTriplEx2 

vector (Figure 4), via Sfi I sites. 
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Figure 4. Vector map ofpTriplEx2. 

pTriplEx2 has the E.coli lac promoter and operator to provide regulated expression of 

the inserts in E.coli hosts expressing the lac repressor. The lacZ a peptide is present to 

allow for blue/white selection. A multiple cloning site (MCS) is also present, containing 

. two Sfi I sites used for the directional cloning of the cDNAs. Within the MCS, are 5' LD 

and 3' LD insert amplifier primer sites used for amplification of the insert. The 

ampicillin resistance gene and pUC origin of plasmid replication allow for selection and 

propagation, respectively. 
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Section B. High-Throughput Identification of Potentially Important Genes Involved in 

Hematopoiesis 

1. Isolation of individual clones from the EPC-specific cDNA library 
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To isolate individual clones from the EPC-specific library (see Figure 5 for screening 

strategy), one of the small tubes containing the library was partially thawed on ice. Two 

microlitres of the library was removed ~n4 diluted into 100 µl of Luria-Bertani (LB) 

medium (DifCO Laboratories). The diluted library was spread onto an LB-agar plate 

containing,ampicillin (lO0ug/ml) and grown overnight a~ 37°C. The following day, a 

96- well plate was prepared by pipeting 25 µl of HPLC grade water irtto each well of the 

plate. Clones were individually picked and resuspended into the prepared 96-well plate. 

This helps to.dilute the bacteria that w~l~_la~er b_e used as template for the PCR reaction. 



Figure 5. Strategy used to identifv potentially important genes involved in 

hematopoiesis. 

To identify potentially important genes involved in hematopoiesis a portion of the library 

was removed, diluted, spread onto an LB-agar plate containing ampicillin, and grown 

overnight at 37°C. Cl~:mes were individually picked and subjected to PCR amplification 

along with a positive (G 17) and a negative (ES) control. PCR products were 

electrophoresed, transferred onto a nylon membrane, and hybridized with a 16 hour total 

cDNA probe. Those clones revealing hybridization signals similar to Gl 7 to the 16 hour 

probe were selected for further analysis. Whole mount RNA in situ hybridization on 

wild-type 24 hour post-fertilization (hpf) embryos was carried out using digoxigenin

labeled anti-sense probes of the selected clones. Clones with specific staining patterns 

were then sequenced using the 5' LD and 3' LD insert amplifier primers. Sequences 

were then analyzed and searched against the NCBI database. 
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2. Amplification of EPC-specific clones 

Except where noted, PCR was performed using 2.5 units Taq DNA polymerase 

(Boehringer Mannheim) and deoxynucleotide triphosphates (dNTPs) at a final 

concentration of 200 µm and 50 picomoles of each primer per reaction. 
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PCR conditions, except where indicated, were 30 cycles of denatliration at 94 °C for 30 

seconds, annealing at 50-65°C (depending on the Tm of the primers) for 30 seconds, and 

extension at 72°C for varying·lengths of time depending on product size. For this PCR, 

Sul of the diluted/lysed bacteria was used as template. Two primers, 5' ill-insert 

screening amplifier (5' -CGGGAAGCGCGCGCCA TTGTGTTGGT-3 ') and 3' ill-insert 

screening amplifier (5'-ATACGACTCACTATAGGGCGAATTGGCC-3') were used to 

amplify the inserts. Amplification of the inserts were all carried out under the same 

conditions, in order to keep the relative levels equal for Southern analysis. This 

prevented any discrepancies in subsequent analysis. 

After Sul of the diluted bacteria was removed for the PCR reaction, 80ul of LB medium 

containing ampicillin (lO0ug/ml) was added directly to the remaining 20 µl of diluted 

bacteria and placed at 37°C for 3 hours to allow the bacteria to grow. The cultures were 

stored at 4 °C until needed to seed larger cultures for Maxi or Midi preparations of the 

clone of interest. 

Upon completion of the PCR, l0ul of each reaction was individually loaded on a 1.5% 

agarose gel containing 1 % EtBr and electrophoresed at low voltage (45-50 volts) to allow 



for size separation. PCR products were electrophoresed· two-thirds of the-way through 

the gel, stopped, and observed and photographed using an Alpha Image™ 2000 gel 

imager equipped with an IS-1000 digital imaging system and Alpha Ease™ software. 

The photos were 1:1sed for comparison with the Southern blot results. 
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Two controls were included to assist in the determination of rare cDNAs. The G 17 gene 

was previously identified in our lab to have specific expression in the ICM and served as 

a tissue-specific ~ontrol in this study. ES is another gene identified in our initial 

screening. It has widespread expression in early zebrafish embryos and was used as a 

non-tissue-specific control in this study. G 17 and ES PCR products share similar sizes to 

the clones found in our EPC-specific library. These products were run side by side with 

the library clones for subsequent rounds of screening. 

3. Southern blot analysis of EPC-specific clones 

Agarose gels as described above were treated with 0.25 M HCl for 30 minutes to nick the 

DNA and facilitate transfer of the larger fragments. Gels were then soaked twice for 15 

minutes each in 1.5 M NaCl plus 0.5 M NaOH to denature the DNA, neutralized by 

soaking twice for 15 minutes each in 1.5 M NaCl plus 1 M Tris, pH 7.5, washed in 

ddH2O, inverted, and placed onto sheets of Whatman 3MM paper, which served to wick 

lOx SSC buffer (from stock 20x SSC; 3M NaCl, 0.3 M Na3citrate2H2O, pH 7.0) for 

transfer. A Biodyne B positively charged nylon membrane (GIBCO-BRL) was placed 

directly on top of the gel. Three sheets of dry Whatman paper, 1.5-2 inches of paper 
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towels, and approximately 500 g of w_eight were then placed on top of the nylon 

membrane. Transfer was carried out overnight and the nylon membranes were placed 

between 2 sheets of dry Whatman paper, allowed to air dry for 30 minutes, and baked at 

80°C for 2 hours. Pre-hybridizations were carried out using sodium phosphate 

hybridization buffer (0.5 M NaHPO4, 1 mM EDTA, 7% SDS, 1 % BSA) containing 

lO0µg/ml denatured herring sperm DNA (Sigma) for 1-2 hours at 65°C. The pre

hybridization solution was replaced with fresh solution containing 3 x 105 
- 1 x 106 

cpm/ml denatured probe. Carrier and probe DNA were denatured by heating at 100°C 

for 5 minutes. Sixteen hour total ·cDNA was used a_s a probe after labeling with [a-32P] 

dCTP using a Random Primed DNA labeling kit (Boehringer Mannheim). By using total 

cDNA as a probe, all genes expressed at the 16 hour stage of development are 

represented. 

Following_ overnight hybridization, blots were washed twice for 30 minutes in 2x 

SSC/0.1 % SDS, twice for 15 minutes in 0.2xSSC/0.l %SDS, and once in 0.lx SSC/0.1 % 

SDS for 15 minutes at 65°C. The washed membranes were then exposed to X-ray film 

(Kodak) with one intensifying screen overnight at -80°C. 

4. Synthesis of 32P radiolabeled total 16 hour cDNA 

Wild-type 16 hpf zebrafish embryos were collected as described earlier. Total RNA was 

purified as described in Section A-3. Isolation of poly(AtRNA was carried out using the 

Dynabeads mRNA Purification kit (Dynal Biotech) as instructed by the manufacturer. 
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This kit allows for reliable and rapid isolation of mRNA from total RNA. Since the oligo 

(dT) 25 residues are covalently linked to the Dynabeads, the beads can be regenerated and 

reused multiple times. The oligo ( dT) 25 also serves as a primer for the subsequent 

generation of first strand cDNA. For this, 2µg of poly(A)~A was used for each 

reaction. First, 100-200 µl of Dynabeads oligo (dT)z5 were washed 3 times with 200 µl 

of 0.Sx SSC for each reaction. Two micrograms of poly(A)~NA from 16 hpf embryos 

was individually added to the beads along with nuclease-free water up to a volume of 24 

µI. The poly(A/RNA was hybridized to the beads for 10 minutes at 70°C and placed on 

ice for 10 minutes. First strand cDNA synthesis was carried out using the Superscript 

Preamplification System (Life Technologies). To confirm the synthesis of the cDNA, 1 

µl of the reaction was tested via PCR as described in Section B-2 using ef-1 a-specific 

primers, which generated a 370 bp product. 

To remove the poly(A)~A from the first strand cDNA, the beads were brought down 

using a magnetic stand. The supernatant containing the RT reaction mixture was 

removed from the beads containing the first strand cDNA. Poly(A/RNA was removed 

by resuspending the beads in lx TE, pH 7 .0, then heating the beads at 90°C for 5 minutes. 

· Again the beads were brought down using the magnetic stand and the supernatant 

containing the poly(A)~A was removed. The beads were resuspended in lx TE, pH 

7.0 for the second strand cDNA labeling reaction. 
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32P-labeled second strand cDNA was synthesized using the Random Primed DNA 

labeling kit (Boehringer Mannheim) according to the manufactur~r' s instructions. To 

remove the 32P-labeled second ·strand cDNA from the bound first strand cDNA, the beads 

were washed twice with 2x SSC. The 32P-labeled second strand cDNA was eluted by 

resuspending the beads in 2M N aOH, incubating at room temperature for 5 minutes, and 

brought down using the magnetic stand. The supernatant containing the 32P labeled 

second strand cDNA was then removed and placed into a new tube until use. The beads 

containing the unlabeled, bound first strand cDNA were washed 3 times in 2x SSC, 

resuspended in lx TE, pH 7.0, and stored at -20°C. 

5. Whole mount RNA in situ hybridization 

This procedure was based on the protocol originally submitted to The Zebrafish Book 

.(Westerfield 1995) by S. Schulte-Merker, J.H. Odenthal, and C. Niisslein-Volhard and 

includes modifications made by members of Dr. Leonard Zon's laboratory (D.G. Ransom 

and S.J. Pratt) and by members of Dr. Shuo Lin's laboratory (B.A. Moore, J.R. Jessen, 

and S.D. Marty). Embryos from wild-type matings were collected ap.d treated with 

Pronase as described in Section_ A-1 to remove their chorions. Embryos were fixed 

overnight at 4°C in 4% paraformaldehyde/PBS followed by washing and storage in 

methanol at -20°C. Prior to in situ hybridization, embryos were brought to 28.5°C. 

Embryos were rehydrated in a series of washes (75% methanol in PBST (PBS with 0.1 % 

Tween-20), 50% methanol in PBST, 30% methanol in PBST) at RT for 5 minutes, 
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followed by two PBST washes, 5 mi~utes each, at 28.5°C. Next, the embryos were 

digested at 28.5°C for 10 minutes with 10 µg/ml Proteinase K (Boehringer Mannheim; 

diluted in PBST) and washed two times at 28.5°C for 5 minutes in PBST. The embryos 

were re-fixed in 4% paraformaldehyde/PBS at 28.5°C for 20 minutes followed by two 

5 minute PBST washes at 28.5°C. The embryos were then incubated for 5 minutes at 

55°C in pre-hybridization solution (50% formamide, Sx SSC final concentration, 

0.1 % Tween-20). The solution ·was· replaced by an equal volume of hybridization 

. solution (50% formamide, Sx SSC'final concentration, 0.t'% _Tween-20, Smg/ml torula 

RNA (Sigma), and 50 µg/mlheparin) _and incubated at 55°C for 4 hours. 

Digoxigenin-labeled anti-sense probes· of the selected clones were generated using the . . 

Genius 4 RNA Labeling kit (Boehringer Mannheim) as directed by the manufacturer 

using T7 RNA polymerase (Promega). The PCR products generated in Section B-2 were 

purified using the Wizard® PCR Preps DNA Purification System (Promega) as instructed 

by the manufacturer and used as templates for the in vitro transcription reaction. To 

remove any secondary structures that may have formed, probes were preheated at 68°C 

for 5 minutes. Embryos were sorted based on probe treatment, the hybridization solution 

was removed, and 300 µl of hybridization solution containing 300 ng of probe (1 ng/µl 

final concentration) was added and the embryos were incubated overnight at 55°C. The 

embryos were washed twice for 30 minutes each at 55°C in 50% formamide/ 2x SSCT 

final concentration (see Section B-3 for SSC recipe, SSCT includes 0.1 % Tween-20), 
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washed 15 ~nute·s. a(55°C in 2x SSCT, and washed twice for 30 minutes at 55°C in 0.2x 

SSCT. Embryos were washed twice for 5 minutes at 28.5°C in MABT (100 mM maleic 

acid, 150 mM NaCl, pH 7.5, and 0.1 % Tween-20) followed by a 1 hour incubation at 

28.5°C in blocking solution (2% BM blocking reagent (Boehringer Mannheim) and 10% 

fetal bovine serum diluted in MABT). Digoxigenin Fab-alkaline pl)osphate antibody 

(Boehringer Mannheim) was added at a dilution of 1:5000 in fresh blocking solution to 

· the embryos. Embryos were gently rotated overnight at 4 °C, then washed for 30 minutes 

at 28.5°C in MABT containing_ 10% fetal bovine serum followed by three successive 

washes ip MABT for 30 minutes, 1 hour, and 30 minutes respectively. The embryos 

were washed three times for 5 minutes each at 28.5°C-in re-equilibration buffer (lOOmM 

Tris, 100 mM NaCl, and 50 mM MgCh, pH 9 .5) containing 1.2 mg/ml levamisole 

(Sigma) and transferred to a 96-well tissue culture plate. The color reaction was carried 

out by replacing the re-equilibration buffer with 500 µl of BM Purple AP substrate 

(Boehringer Mannheim) containing 1.2 mg/ml levamisole. The plate was wrapped in foil 

to protect the reaction from light. Staining of the embryos was ca¢.ed out for several 

hours to days. Once the desired staining was observed, embryos were washed three times 

with PBST and stored in 4% paraformaldehyde/PBST at 4°C. 

This process was later automated using an Abimed InsituPro (Primmlabs Incorporated). 

This allowed for simultaneous screening of 96 individual probes at one time. The 

Abimed InsituPro c~ed out all the steps following the preparation of the embryos into 
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hybridization solution and prior to staining as described above. For this process, probes 

were generated as described above. 

For microscopic observation, embryos were transferred sequentially from 30% 

glycerol/PBS to 50% glycerol/PBS to 70% glycerol/PBS to 100% glycerol and visualized 

as described in section A-1. Images were acquired using either a digital camera (DCS 

420, Kodak) or the Axiocam digital camera (Carl Zeiss) and Axiovision 2.0 software 

(Carl Zeiss). Images were analyzed and manipulated using Photoshop 5.0/6.0 software. 

In some cases, where background staining was a problem, embryos were cleared before 

photographing. Once the desired staining was observed, embryos were washed twice for 

5 minutes in a stop solution (PBS~ (0.2% Tween-20) and SOmM EDlA) at 28.5°C. 

Embryos were then washed for 5 minutes in 50% methanol at 28.5°C, then in 100% 

methanol until the desired clarity was reached. 

6. DNA sequencing and sequence analysis 

DNA sequencing was carried out using the ABI PRISM dRhodamine Terminator Cycle 

Sequencing Ready Kit (PE Applied Biosystems) ( all sequencing performed in this study 

was done by the Molecular Biology Core Facility, Medical College of Georgia, Augusta, 

GA). The cleaned, original PCR products served as the templates for sequencing. To 

obtain both 5' and 3' sequences, sequencing was carried out using the same primers used 
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for the original PCR reaction (see Section B-2). Sequences were analyzed using the 

D~A Star software program. Database searches ~ere carried out using standard 

nucleotide-nucleotide BLAST (Basic Local Alignment Search Tool) for DNA sequence. 

Specifically, the nonredundant (nr) database was searched with the "blastn" BLAST 

program that compares the. nucleotide sequences of interest and compares them against 

National Center for Biotechnology Information (NCBI).· Standard settings of the search 

mechanism were used. In cases where the 5' and 3' sequences overlapped, a contig was 

constructed and all three open reading frames were translated. The translated sequences 

were subjected to a database search using the standard protein-protein BLAST "blastp" 

program. This program takes amino acid sequences and compares them against the 

NCBI. Standard settings of the search mechanism were used. For nucleotide and amino 

acid searches, a score of 40 or more and an E value of 10 or less were considered 

significant (E value is used to report the significance of a match). 

Section C. Identification of a prothymosin alpha-like clone, ProTaL-1 

1. Creating a ProTaL-1 construct 

A clone, ProTaL-1, was isolated from the EPC library as described in Section Band 

chosen for further analysis. Prior to further characterization the ProTaL-1 insert was 

-amplified from the pTriplEx2 vector and subcloned into the pCR ®n vector using the Dual 

Promoter TA cloning kit (Invitrogen) as directed by the manufacturer. This procedure is 

based on the fact that Taq DNA polymerase has a non-template-dependent activity that 

adds single deoxyadenylate nucleotides to the 3' end of PCR products. Thus, the PCR 
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products generated can be directly subcloned into a vector with overhanging 3' 

deoxythymidylate nucleotides. The plasmid, pCR®II, contains both T7 and SP6 

polymerase sites, which allow in vitro transcription of both sense and antisense RNA, 

which will be used in Section D-1. The ProTaL-1 insert was amplified by PCR as 

described in Section B-2. The PCR product was purified (Section B-5) and directly 

ligated into the pCR ®n vector using the TA Cloning® Kit Dual Promoter (pCR ®II) 

(lnvitrogen) per the manufacturer's instructions. Except where noted, XLl-Blue 

competent cells (Stratagene) were transformed with all ligation products as follows: 50 µl 

competent cells plus the ligation reaction were incubated on ice for 45 minutes, at 42°C 

for 1.5 minutes, on ice for 2 minutes, and after the addition of 800 µl LB medium, at 

37°C with shaking for 1 hour followed by plating onto LB agar plates containing the 

correct antibiotic for selection. To identify the correct clone, restriction digests using 

Sfi I were carried out. Clones containing inserts the same size as the ProTaL-1 PCR 

product were cleaned-using the Wizard™ Plus_Minipreps DNA Purification Systems 

(Promega) as directed by the manufa~turer and sequenced as described in Section B-6 

usin& T7 and SP6 primers. The re~ulting construct was named PtoTaL-1/pCRIT. 

2. Sequence analysis of ProTaL-1 

Sequences obtained for ProTaL-Jin Sections B-6 and C-1 were searched as described in 

Section B-6. Additional DNA ~nd protein searches were carrie~ against the 



Caenorhabditis elegans, Drosophila, and Saccharomyces cerevisiae genomes 

accumulated by NCBI. Searches were carried out using the standard settings of the 

search mechanism. Again, scores of 4-o:, or more and an E value of 10 or less were 

considered significan~. 
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To identify any similarity of .the ProTaL-1 protein to other protein families or domains, 

searches against the PROSITE database were carried out. The database is based on the 

observation th3:fmost proteins can be g!ouped, on the basis of similarities in their 

sequences, into a limited number of families. PROSITE consists of a database of 

biologically significant sites and patterns formulated, so that with the appropriate 

computational tools it can rapidly and reliably identify si~larities between the protein of 

interest and those within the database (Hofman et al., 1999). 

The search mechanism PSORT II was used to recognize the presence of a possible 

nuclear localization signal (NLS) was present in the predicted protein sequence of 

ProTaL-1. This program categorizes NLSs into three groups, each classified by a 

specific pattern. Then, based on the amino acid content of the protein, the higher the 

concentration of basic residues the higher the possibility of being a nuclear protein, a 

score is assigned. For this study a score of O or higher was considered significant. 
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3. Northern analysis 

The transcript size of ProTaL-1 was analyzed using Northern hybridization analysis of 

total R;NA extracted from 24 hpf wild-type embryos as described in Section A-3. A 1.2% 

agarose gel containing formaldehyde (1.2% agarose; lx Running Buffer (diluted from 5x 

stock Running Buffer (0.1 M MOPS, pH 7.0; 40 mM sodium aceteate; 5 mM EDTA, pH 

8.8; diethyl pyrocarbonate (DEPC)-treated water; filtered through a 0.2-micron Millipore 

filter); 2.2M formaldehyde) was prerun for 15 minutes at 25-30 volts. Prior.to loading, 

15 µg of RNA was in~ubated at 70°C for 5 minutes in formaldehyde gel-loading buffer 

(50% 'glycerol; 1 mM EDTA, pH 8.0; 0.25% bromphenol blue; 0.25% xylene cyanol FF) 

to denature the RNA. RNA was loaded side by side with a 0.24-9.5 kb RNA ladder 

(GIBCO-BRL) into the prerun formaldehyde gel and run at 25-30 volts for 12-18 hours 

until the dye reached 2/3 of the way to the bottom of the gel. The gel_ was washed for 20 

minutes in 0.05 M NaOH (diluted with DEPC-treated water from a lM stock), rinsed 

with DEPC-treated water, and soaked for 45 minutes in 20x SSC. Images of the gel were 

taken as described in Section B-2. The gel was transferred, hybridized, washed, and 

developed as described in Section B-3 for Southern hybridization. The complete 

ProTaL-1 insert was obtained from_Sfi I digested ProTaL-1 /pCRII and used as probe 

after la~e~ing with [a-32P] dCTP ~s des~ribed in Section.B-4. The insert contains the 

entire coding region of ProTaL-1. The result obtained from-the Northern blot were 

compared to the gel image obtained earlier. Using the RNA ladder as a reference, the 

size of the hybridizing band was estimated: 
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4. Chromosomal linkage group assignment 

The PCR-based mapping procedure of the LN54 RH panel was as described by Hukriede 

et al. (Hukriede et al., 1999). The panel of radiation hybrids was produced by fusing 

irradiated zebrafish AB9 cells with mouse B78 cells. The panel consists of 100 plus 

radiation hybrid templates, a mix of all the templates, zebrafish AB9 cell DNA (positive 

control), and mouse B78 cell DNA (negative control). A PCR-based approach was used 

to screen the panel. PCR was carried out as described in section B-2. Primers were 

' ' 

construct~d specific to the 3'UTR of PrdTaL-1, which amplified a fragment 

approximately 200 bp. Primers were: Map FWD, (5'-TCATCAGGGGAGGGGTCAA 

AA-3') and Map REV, (5'-AAATGGCl'GACCTCCTAACAA-3'). PCR was performed 

for 30 cycl.es (94°C for 30 seconds; 55°C for 45 s.econds; 72°C for 1 minute 30 seconds) 

using 1 µ1 of template from the panel. Screetting of the panel was carried out in triplicate 

and the results entered using the LN54 panel software. Results indicate placement on a 

linkage group (LG) with the best L_OD score and also the second best LOD score on any 

of the other 24 linkage groups. The closest linked marker on the best LG and the 

centiRay distance between the entered marker and the closest marker (1 centiRay or CR 

is defined as one percent frequency of a breakage occurring between two markers after 

exposure to a specific radiation dose; for the LN54 panel, 1 CR is approximately equal to 

148 kilobases). To be considered significantly linked, the best LOD score must be · 

greater then a LOD of five and the net difference between the best LOD score and the 

LOD score on the second best LG should be at least three. 
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Section D. 1nalyziii:g_ ProTaL-.1..Expression: 

1. ·Whole mount RNA in situ hybridization 

Expression of ProTaL-1 in embryonic wild-type zebrafish was examined by performing 

whole mount RNA in situ hybridization as described in Section B-5. Zebrafish embryos 

were obtained from Tubingen wild-type crosses o_f adult zebrafish at the 1-4 cell, dome, 

shield, 80% epiboly, 5-15 somite, and 24 and 3~ hpf stages as described in Section A-1. 

Staging was carried out according to Kimmel et al. (Kimmel 1989). Embryos younger 

than 24 hpf were not treated with Proteinase K while embryos older than 24 hpf were 

treated with lOµg/ml at 28.5°C for 30 minutes. A digoxigenin-labeled antisense RNA for 

ProTaL-1 was generated as described in Section B-5 using Eco RV linearized ProTa.L-

1/pCRII as template and SP6 RNA polymerase (Promega). A digoxigenin-labeled 

anti sense RN A for gata-1 was also generated to serve as a hematopoietic-specific 

control. The gata-1 probe was generated using Xba I linearized gata-1 as template and 

T7 RNA polymerase. An EST, ZF-A208, sharing partial DNA sequence similarity to 

ProTaL-1 was obtained from Zyiyuan Gong (University of Singapore). A digoxigenin

labeled antisense RNA for ZF-A208 was generated using the construct containing 

ZF-A208 linearized with Xho I as template. Embryos were examined and photographed 

as described iil Section B-5.-

2.RT-PCR 

Expression of ProT_aL-1 in zebrafish ~rp.bryos and adult zebrafish organs was examined 

by performing RT-PCR on total RNA isolated from embryos and dissected adult 
. . 
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zebrafish organs. Zebrafish embryos were obtained as described in Section A-1 and 

individual organs were obtained through dissection of male and female wild-type adult 

zebrafish. Blood was drawn directly from hearts using a microinjection needle. First 

strand cDNA was synthesized from 1 µg of total RNA using the SUPERSCRIPT 

Preamplification System for First Strand cDNA Synthesis (Gibco-BRL) according to the 

manufacturer's instructions. RNA samples were treated with DNase I (GIBCO-BRL) 

prior to first strand cDNA synthesis to remove contaminating genomic DNA. PCR was 

performed for 25 cycles (94 °C _for 30 seconds; 60°C for 45 seconds; 72°C for 1 minute 

30 seconds) using 2 µl of cDNA. The 5' ProTaL-1-specific primer (5' -GGTTGAGG

AGGCGGAAAATGG-3') and 3' ProT~-1-specific primer (5'-CCCGTTCCACCCT

CAGCCTCC-3') corresponded to the coding region determined through sequence 

. analysis in Section C-2 and togethetGreated a 200 hp PCR pr~duct from cDNA. The 5' 

gata-1-specific primer (5'-ATGAACCTTTCTACTCAAGCT-3') and 3' gata-1-

speci_fic primer (5'-GCTGCTTCCACTTCCACTCAT-3') corresponded to the coding 

region of gata-1 and together created a·410 hp PCR product from cDNA. 

The 5' ZFA208-specific primer (5'-GGCAGATGCAAAGGTTGACT-3') and 3' 

ZFA208-specific primer (5'-CGAAGT,TGTGGCCGGTCCTC-3') corresponded to the 

coding region of ZF A208 and together created a 500 bp PCR product from cDNA. 

PCR using ef-1 a-specific primers.was carried out as in Section B-4. The PCR products 

were analyzed using Southern hybridization as described in Section B-3. The [a-32P] 

dCTP-labeled ProTaL-1 insert described in Section C-3 was used for hybridization. The 
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full length clones of ,gata-1, and ZF A208 were used as t~mplates for [ a.-32P] dCTP 

random labeling. The PCR product of ef-1 awas, generated and label~d with [a.-32P] 

dCTP as described above. Radiola,beled probes were purified from unincorporated [a.-

32P] dCTP using Quick Spin G-50 Sephadex columns (Boehringer Mannhei~) as directed 

by the manufacturer. 

Expression of ProTaL-1 in two hematopoietic mutants, moonshine (2 separate alleles) 

and cloche, was examined by performing whole mount RNA in situ hybridization and 

RT-PCR on total RNA isolated from mutant embryos as described above. Zebrafish 

mutant embryos were obtained from crosses of heterozygous moonshine and cloche adult 

zebrafish as described in Section A-1. Embryos from moonshine and cloche crosses were 

grown at 28.5°C for 24-48 hours. The phenotypes associated with these mutations are 

not visible until 48 hpf, and are only visible in homozygous embryos. Thus, embryos 

collected at 24 hours are considered a mix, according to Mendelian genetics (25% wild

type, 50% heterozygous, 25% homozygous mutant) and were analyzed accordingly. The 

24 hpf embryos were used for whole mount RNA in situ hybridization analysis of 

ProTaL-1 expression, whereas forty-eight hour mutant embryos were examined using a 

Stemi 2000 Stereomicroscope (Carl Zeiss) to confirm the mutant phenotype and used for 

RT-PCR analysis. Wild-type 24 and 48 hpf embryos were used as a control for both 

whole mount RNA in situ hybridization a~d RT-PCR analysis respectively. 
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Section E. Nuclear Localization of ProT aL-1 

1. Construction of a GFP fusion vector 

A vector, pEGFP-N2 (Clontech) (Figure 6), containing a CMV promoter and an 

enhanced green fluorescent protein (EGFP) coding sequence flanking the multiple 

cloning site (MCS) and an SV 40 poly(A/ sequence followed by an Aft II site for 

linearization was used to generate the pCMV- ProTaL-1/GFP construct (see Figure 6 for 

construction strategy). The 5' untranslated region and coding sequence of ProTaL-1 was 

ligated in frame to the EGFP sequence within the M~S of pEGFP-N2. PCR was used 

with the ProTaL-1 /pCRII clone as the template to obtain a 400bp fragment 

encompassing 100 bp of ProTaL-1 5'. UTR through 8 bp after an altered stop _codon. The 

5' primer corresponded to a region 5' to the start codon and contained an Xho I restriction 

site at its 5' end (5'-ATCTCGAGCCCTTAGTAGTCTGTTTTAT-3'), and the'3' primer 

corresponded with a sequence 3' to and through the stop codon and contained a Hind III 

restriction site at its 5' end and 'a sin_gle base change that will alter the stop codon (5' -

GAAGCTTTTTTGCACATCAGT-3'). The resulting fragment was subcloned into 

pEGFP-N2 digested withXho I/Hind III. This created the 5.1kb pCMV-ProTaL-1 /GFP 

construct. 



Figure 6. Strategy used to create a pCMV- ProTaL-1/GFP construct 

(A) Vector map of pEGFP-N2. pEGFP-N2 provides the ability to fuse heterologous 

proteins to the N-terminus of the enhanced green fluorescent protein (EGFP). The 

EGFP contains a chromophore mutation, ~hich produces_fluorescence 35 times more 

intense than wild-type GFP. Fusions are expressed under control of the immediate 

early promoter of human cytomegalovirus (CMV), which drives expression of the 

inserts to all cells of the organism. (B) Fusion of the ProTaL-1 coding sequence into 

the MCS ofpEGFP-N2. The insert was cloned in using an introduced 5' Xba I site 

and a 3' Hind III site. · The stop codon of Pro TaL-1 was altered to allow translational 

machinery to read through. 
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2. Microinjection 

The pCMV- ProTaL-1 IGFP DNA construct was linearized with Aft II at the 3' end, 

purified, and injected into one-cell stage wild-type embryos as described below. 

Linearized pEGFP-N2 was injected side by side with the fusion construct and served as a 

control. bn the day prior to injection, several pairs of wild-type male and female fish 

were prepared for mating as described in Section A-1. On the day of injection, embryos 

were collected and dechoronated as described in Section A-1. In preparation for 

injection, microinjection plates were filled with fresh Holtfreter' s solution. Dechoronated 

embryos were transferred into the groove of the microinjection plate using a Pasteur 

pipette. Approximately 150 embryos were lined up in the_ groove of the plate. With the 

use of a micromanipulator to position the needle into the cytoplasm, single-cell embryos 

were injected by gently pushing the syringe plunger. The injected DN~ normally 

occupied approximately 1/10 the volume of the cell as observed under a 

stereomicroscope. Inj~cted embryos were transferred to several petri dishes containing 

fresh Holtfreter' s solution and incubated at 28.5°C. Embryos were grown to between the 

sphere and 24 hpf stages. Dead and deformed embryos were removed and healthy 

embryos viewed and photographed as described in Section A-1 and R-5 respectively. 

Shield.stage embryos injected with the linearized pCMV- ProTaL-1 IGFP DNA 

construct were subjected to 4', 6-DIAMIDINO-2-PHENYLINDOLE_ (DAPn(Sigma) 

staining. Embryos were placed into a 1.5 ml microcentrifuge tube and washed in PBS. 

The PB~ was removed ~nd replaced with 509 µl of 0.25x trypsin/EDT A and incubated at 
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28.5C for 10 minutes to dissociate the cells. The cells were then centrifuged at 2500 rpm 

for 10 minutes, trypsin removed, cells resuspended in PBS, centrifuged at 2500 rpm for 

10 minutes again, and PBS removed. The cells were then resuspended in 500 µl of PBS 

and 1 µl of DAPI was added to the cells (from a 0.001 µg/ml stock). A plastic cover slip 

was placed on top of the disrupted and stained cells and viewed under 63x magnification 

as described in Section A-2 for GFP. expression. DAPI stain was visualized under the 

same conditions using a DAPI filter. 
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Section F. Effects of Over-expression of ProTaL-1 

1. C_onstruction of a frameshifted ProTaL-1 construct 

A PS construct of ProTaL-1/pCRil was created by digesting the ProTaL-1 /pCRil 

construct with Aat II, which cut within the 11th codon (see Figure 7 for construction 

strategy). The enzyme was heat-inactivated by incubating the reaction at 65°C for 2 

minutes. The Aat II digested ProTaL-1 /pCRil fragments were blunt-ended by_adding 

2.5 units of the Kienow fragment of E.coli DNA polymerase I (New England Biolabs) 

and 100 µM dNTPs and incubating at 30°C for 15 minutes. The construct was religated 

to produce the PS ProTaL-1/ pCRil construct that contains a frameshift mutation that 

encodes a truncated protein of 49 amino acids, with the first 10 amino acids identical to 

ProTaL-1. Frameshifted constructs were confi~ed by restriction digests using Aat II 

and through sequencing. The PS ProTaL-1 construct will serve as a control throughout 

the over-expression studies. 



Figure 7. Generation ofa frameshifted (FS) ProTaL-1 construct. 

A frameshifted construct.of ProTaL-1/pCRII was created by digesting the ProTaL-1 

/pCRII construct with Aat II, which cut within the 11th codon. The Aat II digested 

ProTaL-1 /pCRII fragments were blunt-ended and the construct was religated to produce 

the FS ProTaL-1/ pCRII construct. FS ProTaL-1/ pCRII contains a frameshift mutation 

that encodes a truncated protein of 49 amino acids, with the first 10 amino acids identical 

to ProTaL-1. Frameshifted constructs were confirmed by restriction digests usingAat II 

and through sequencing. 
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2. Generation of capped mRNA 

Capped mRNA for ProTaL-1 and FS ProTaL-1 was generated in vitro using the 

mMESSAGE mMACHINE.kit (Ambion) according to the manufacturer's instructions 

using Sal I linearized ProTaL-1/pCRII and FS ProTaL-1/pCRH as template and T7 RNA 

polymerase (Promega). The capped mRNA was phenol/chloroform extracted and 

dissolved in nuclease-free 0.lM KCl at a concentration of approximately 300ng per µI. 

Capped mRNA for ZF-A208 was-also generated as described above using the c~mstruct 

containing ZF-A208 linearized with Eco RI as template. 

3. Microinjection of capped mRNA 

Microinjection was carried out essentially as described in Section E-2. Purified ProTaL-

1, FS ProTaL-1, or ZF-A208 capped mRNA was individually microinjected into the yolk 

of GATA-1/GFP transgenic zebrafish embryos (20pg per embryo) at the one-cell stage. 

Injected embryos were grown side by sid~ overnight at 28.5°C for 20-24 hours. To 

ensure the accuracy of the visual analysis, a double-blind approach was employed. Ten 

randomly selected embryos were chosen from each injected population and observed as 

described in Section B-5. ProTaL-1 and FS ProTaL-1 injected embryos were later 

photographed as described in Section B-5. For further analysis, ProTaL-1 and FS 

ProTaL-1 injected embryos were fixed in 4% paraformaldehyde/PBST for in situ 

hybridization (Section B-5), prepared for RT-PCR (Section D-2), or homogenized for 

FACS analysis (Section A-2). 
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4. In situ analysis of ProTaL-1 over-expression 

The effects of ProTaL-1 over-expression were analyzed using whole-mount RNA in situ 

hybridization as described in Section B-5 on microinjected zebrafish embryos obtained 

from Section E-3. Constructs for gata-2, c-myb, scl, and lmo2 were kindly provided by 

Dr. Leonard Zon (Howard Hughes Medical Institute, Harvard University; Boston, Mass.). 

Digoxigenin-labeled antisense RNA was generated as described in Section B-5 using 

each of the following individually as templates: 1) Xba I linearized gata-1 and T7 RNA 

polymerase 2) Eco RI linearized gata-2 and T7 RNA polymerase 3) Sal I linearized scl 

and T7 RNA polymerase 4) Eco Rl'linearized lmo2 and T7 RNA polymerase 5)Eco RV 

linearized myo-D and T7 RNA polymerase. Each population of embryos was stained for 

equal amounts of time. Embryos were examined and photographed as described in 

Section B-5. 

5. RT-PCR analysis of ProTaL-1 over-expression 

Expression of gata-1,gata-2, sc.l, lmo2~ myo-D, and ef-1 ain microinjected zebrafish 

embryos from Section E-J was examined by performing RT-PCR on total RNA isolated 

from the embryos as described in Section D-2. PCR was performed for 25 cycles (94 °C 

for 30 seconds; 55°C for 45 seconds; 72°C for 1 minute 30 seconds) using 2 µl of cDNA. 

Under this cycle condition, amplification of _both gata-.J and ef-1 a are at a linear range as 

determined by assays of PCR products at 20, 22, 24, 26, and 28 cycles. The gata-1-

specific primers used in Section D-2 were used to create a 410 bp PCR product from 

cDNA. The 5' gata-2-specific primer (5'-AGCAGCAGTTCAAGCACG-3') and 
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3' gata-2-specific primer (5'-GATGGGATGATGTGTGGA-3') corresponded to the 

second coding exon 2 and together created a 300 bp PCR product from cDNA. The 5' 

scl-specific primer (5'-GTGGTTTTGCTGGAGATG-3') and 3' sci-specific primer (5'

TGGTCCTCAGTAAA9C1C -3 ') corresponded to the coding region of scl and together 

created a 430 bp·PCR product from c:ONA. The 5'. lmo2....,.spec~fic primer (5' -
,, , 

GGAAAACACTGGAGGCAA.-3') and 3' lmoi-specific primer (5'~· 

.GTCCGAGTTGATGAGCAG --3') corresponded to the coding region of lmo2 and 
. . . _,_ . 

together created a 450 bp PCR product froin cDNA. The 5' myo-D-specific primer (5'-

GCTGATGACTTCTACGAC-3') and.3' niyo-D-specific primer (5'

TGTTCCGTCTTCTCGTCT-3 ') corresponded to the coding region of myo-D and 

together created a 500 bp PCR product from cDNA. Again, PCR using efl a-specific 

primers generated a 370 bp product and. was used as an internal control to normalize the 

amount of PCR product. 

Quantification of gata-1 expression was determined by first amplifying gata-1 and ef-1 a 

from each population as described above. RT-PCR products were transferred onto a 

nylon membrane and probed with gata-1 and ef-1 a specific 32P labeled probes (Section 

B-3). M~mbranes were exposed to a Phosphor screen and read using the STORM 840 

Phospholmager (Molecular Dynamics). To determine the relative intensity of.gata-1 

expression, the intensity of gata-1 expression was divided bythe intensity of ef-1 a 

expression (referred to as tlie reading ratio). Again, ef-1 awas used as an internal control 

to normalize the amount of PCR product present. 
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6. FACS analysis of ProTaL-1 over-expression 

Effects of ProTaL-1 over-expressidn on GATA-1-positive cells was examined by 

performing FACS analysis on microinjected zebrafish embryos obtained from Section E-

3 as described in Section A-2. A total of 20000 events were carried out per experiment. 

Section G. Targeted Knock-down of ProT aL-1 

1. Morpholino-based antisense oligonucleotides 

The antisense, morpholino-modified oligonucleotide (MO)of ProTaL-1 .(ProTaL-1 MO) 

along with a standard control morpholino oligonucleotide (control MO) were ordered 

from Gene Tools, LLC. The following sequences were used: 5' -TOOT ATCGAC

TTTTGTGTCAGCCAT-3' and 5' -CCTCTT ACCTCAGTT ACAA TTT ATA-3' for the 

ProTaL-1 MO and the control MO respectively. Sequence complementary to the 

predicted start codon of ProTaL-1 is underlined. The oligos w~re dissolved in lX 

Danieau' s solution as 1 mg/ml working solution. 

2. Confirmation of the ProT aL-1 MO specificity 

Co-injection_ experiments were carried out essentjally as described in Section E-2, 

Approximately 20 pg of linearized pCMV- ProTaL-1 IGFP DNA (Section E-1) was 

· injected into the cytoplasm of one-cell stage, wild-type embryos, followed by injection of 

either the ProTaL-1 MO or the control MO (approximately 2ng per embryo) into the 



yolk at the 8-cell stage. Embryos were grown at 28.5°C for 4-24 hours, viewed and 

photographed as described in Section B-5. 

3. Microinjection 
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Microinjection of the morpholino oligos was carried out essentially as described in 

Section E-2. The ProTaL-1 MO or the control MO were separately injected into wild

type, one-cell stage GATA-1/GFP transgenic zebrafish embryos at approximately 2ng per 

embryo (a higher concentration of the oligos appeared to be toxic). Injected embryos 

were grown overnight_ at 28.5°C until they reached the 20-24 hpf stage and observed 

under the same conditions as in Sectio]). A-1. Embryos were either fixed in 4% 

paraformaldehyde/PBST for whole mount in situ analysis, prepared for RT-PCR, or 

homogenized for FACS analysis. 

4. Analysis of the injection of the MO 

Effects of targeted knockdown of ProTaL-1 were examined by performing RNA whole 

mount in situ hybridization as described in Section B-5, RT-PCR as described in Section 

D-2, and FACS analysis as described in Section F-6 using microinjected zebrafish 

embryos obtained from Section F-3. The same digoxigenin-labeled antisense RNA 

probes were used as in Section F-4 and the same primers used in Section F-5 were used 

for RT-PCR analysis. 



Section H. Partial rescue of the Knockdown Phenotype 

1. Microinje~tjon 

70 

The ability to rescue the phenotype induced by the targeted knockdown of ProTaL-1 

using a morpholino oligo was examined through microinjection. Purified ProTaL-1 

capped mRNA from Section F-2 and the ProTaL-1 MO from Section G-1 were co

injected (20pg and 2ng per embryo respectively) into GATA-1/GFP transgenic zebrafish 

embryos at the one-cell stage as described in Section E-2. Injected embryos were grown 

at 28.5°C for 20 hours. 

2. Analysis of co-injection of ProTaL-1 capped mRNA and ProTaL-1 MO 

Collected embryos from S~ction G-1 were analyzed using RT-PCR and FACS analysis. 

Expression of gata-1 and ef-1 a in microinjected zebrafish embryos from Section G-1 

were examined by performing RT-PCR on total RNA as _described in Section D-2 and E-

5. Quantification of gata-1 and ef-1 a expression was carried out as described in Section 

F-5. Effects of the co-injection on GATA-I-positive cells were examined by performing 

FACS analysis on microinjected zebrafish embryos obtained from Section H-1 as 

described in Section F-6. 



RESULTS 

Isolation of mRNA from Erythroid Precursor Cells 

EPCs were isolated_from GATA-1/GFP transgenic fish. These fish were used because it 

had been previously shown that these cells could be is·olated as a pure population through 

FACS based.on the GFP fluorescence (Long et ~l., 1997). Approximately 2.18% of the 

_cells sorted by FACS from GATA-1/GFP transgenic embryos were GFP-positive (N=18). 

In addition, 93.88% of the sorted cells were determined to be GFP-positive (N=18) by 

F ACS analysis (Figure 8). On average, 1000 embryos were used per sort yielding 

302,694 GFP-positive cells (N=18). Based on these results, it was determined that 

approximately 302 GFP-positive cells were obtained per embryo. Nine individual sorts 

(2,724,244 GFP positive cells) yielded 400 µg of total RNA and subsequently 8 µg of 

mRNA, thus 6811 cells were needed to acquire 1 µg of total RNA. Four micrograms of 

EPC poly(A)~A was used to generate a directionally cloned cDNA library enriched 

for genes that are expressed in EPCs. Using SMART cDNA technology, a library of 

1 x 106 independent _clones was constructed. 

Southern blot an~lysis 

. -

The first step in the search for genes specifically involved in hematopoietic development 

involved the elimination of abundant clones from EPCs. ~outhem hybridization using 

71 . 



72 

16 hourtotal cDNA as probe revealed different hybridization patterns of individual 

clones. Those clones showing strong hybridization intensities were eliminated from 

further analysis based on the notion that hematopoietic cells represent a relatively small 

portion of the body and specifically expressed genes should be less abundant in the total 

RNA. However, "housekeeping" genes expressed in hematopoietic cells will be detected 

at a high level by a total cDNA probe. 

Two clones, out of approximately 192 individual clones, showed different expression 

patterns within the zebrafish embryo after two rounds of screening. Of the two clones, 

G 17 showed tissue-specific expression, whereas E5 was uniformly expressed throughout 

the embryo. As mentioned in Section B-2 of Methods and Materials, these two clones 

served as controls. By selecting out those clones that give hybridization signals similar to 

a known, non-tissue-specific clone, the overall number of clones to analyze should 

decrease. Thus, this technique should assist in eliminating those clones encoding for 

genes that are present in every cell of an organism, termed "housekeeping" genes. 

Overall, 1536 clones were randomly selected and subjected to PCR and Southern . 

analysis. Of these clones, 662 (43%) showed hybridization signals similar to Gl 7, 

whereas 874 (57%) showed hybridization signals similar to E5 (representation in Figure 

9). The 662 clones exhibiting hybridization signals similar to G 17 were selected for 

further analysis. 



·Whole mount RNA in situ hybridization of cDNA clones to zebrafish 

Spatial embryonic expression profiles of the genes represented by EPC cDNAs were 

determined by RNA in situ hybridization to whole-mount zebrafish. To evaluate large 

numbers of cDNA probes, a protocol utilizing the Abimed InsituPro (Primmlabs 

Incorporated) was developed, which allows the simultaneous screening of 96 different 

RNA probes in a single 96-well plate. 
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A total of 662 RNA probes prepared froni pre-selected cDNA clones were screened on 24 

hpf whole-mount embryos. Of these, 83 (12.5%) were expressed in specific patterns 

(examples in Figure 10), whereas the remaining 579 clones (87.5%) showed apparent 

uniform expression throughout the embryo. For every cDNA clone with a specific 

expression pattern, embryos were evaluated and categorized into one of six groups: those 

with specific staining in the ICM; ICM and tail; tail only; muscle; yolk; or other tissue. 

The frequency with which the cDNAs were expressed in these-tissues is summarized in 

Table 1 (ubiquitously expressed cDNAs are not included). The numbers shown are 

adjusted for multiple occurrences of cDNAs representing a single gene. A large number 

of cDNAs are expressed in the ICM (68% ), whereas only a small number are found in 

tissues such as the tail, muscle, and the yolk. 

~ 

~Sequence analysis 

The next step of the screening process involved sequencing the 5' and 3' ends of the 83 

cDNAs that represent genes with tissue-specific expression patterns, since these genes are 
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good candidates to play important roles in development (see Table 1 for summary). 

Based on the sequence analysis; 20 recurring cDNAs were identified. The largest class of 

repetitive cDNAs corresponded to the globin genes. The relatively high prevalence of 

globin cDNAs is likely due to the fact that globin DNA is present at a very high copy 

number in EPCs. After taking redundancies into account, the 83 sequenced cDNAs 

represented 63 unique sequences. It is possible that this is a slight overestimate of the 

number of different genes represented in the entire library, since a single gene can 

produce transcripts,withdifferent 3' ends and "false" 3' ends can be generated·by internal 

priming during cDNA synthesis. Of the 63 different sequences, 4 (6%) corresponded to 

known globin genes; 27 (43%) had homology to known genes in other vertebrates; 11 

(18%) had been previously identified in zebrafish; and 21 (33%) revealed no homology 

to any known genes in vertebrates. 



Figure 8. Isolation of GATA-1/GFP-positive cells from transgenic embryos. 

F ACS profiles of c~lls isolated from non-transgenic (A) and transgenic (B) 20- 24 hpf 

embryos. Fluorescent cells were collected from the M2 window. 
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Figure 9. Southern blot analysis to identifv potentially important clones from the EPC 

specific library. 

Top panels show the PCR products obtained from the amplification of the individual 

clones of the library. Bo~om panels show the results of Southern hybridi~ation of the 

individual PCR products to a radio labeled i 6 hour total cDNA probe. ES and G 17 are 

controls used in the experiment. The ES clone was used as a non-tissue-specific control, 

whereas the G 17 clone served as a tissue-specific control in this study. 
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Figure 10. Whole mount RNA in situ hybridization ofcDNA clones to zebrafish. 

Spatial embryonic expression profiles of the genes represented by EPC cDNAs were 

determined by whole mount RNA in situ hybridization in 24 hpf zebrafish. (A) gata-1 
. . 

expression observed in the ICM region of a 24 hpf embryo. Expression in the I~M (B

E), head and ICM (F-I), and ubiquitous expression (J) of various individual clones 

isolated from the EPC-specific library in 24 hpf embryos. In all panels, anterior is to the 

left and posterior is to the right. Also, dorsal is to the top and ventral is to the bottom. 
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Table 1. Summary of whole mount RNA in situ hybridization and sequencing analysis 

results. 

For every cDNA clone with a specific expression pattern, embryos were evaluated and 

categorized into one of six groups ~based upon. specific staining in_the ICM, I CM and tail, 

tail only, muscle, yolk, or_other tissue. The frequency with which the cDNAs were 

expressed in these tissues is summarized (ubiquitously expressed cDNAs are not 

included). ·The numbers shown are adjusted for multjple occurrences of cDNAs · 

representing a single gene~ Sequenced clones were further classified as _either a 

hemoglobin gene, to have homology to a known_ gerie, previously ide~tified in zebrafish, 

or of unknown identity. 

* Note: This is a partial result of the overall screen. 



Hemoglobin 

Homology to 
a known gene 

Identified in 
Zebrafish 

Unknown 

Totals 

Tissue Specific Pattern 

ICM ICM+Tail Tail Muscle Yolk Otber Sum 

4 4 

16 2 4 3 2 27 

7 1 3 11 

16 2 2 1 21 

43 2 5 7 3 3 · 63 -.J 
00 



The predicted protein sequence of ProTaL-1 is similar to mammalian prothymosin 

alpha 
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The cDNA (GenBank accession #AF372502) clone encoding ProTaL-1 was selected for 

further study because of its embryonic-specific expression in hematopoietic tissue of 

zebrafish. DNA sequence analysis revealed a 315 bp open reading frame, which coded 

for a 105 amino-acid protein. Northern analysis confirmed a transcript size of 1.4 kb 

(Figure 11). A search of the GenBank database revealed t~at the predicted protein 

sequence shared 66.7% sequence identity with the human ProTa protein, and als_o shared 

high protein sequence identity with mouse, rat, bovine, and porcine ProTa (Figure 12). 

This protein was named ProTaL-1 because zebrafish appeared to have a second 

prothymosin alpha-like gene (EST.Accession #AA566624) encoding a predicted protein 

that shared 30% DNA and 60% protein sequence identity with our clone (Figure 13). 

DNA and protein searches against Saccharomyces cerevisiae and Drosophila genome 

databases revealed no signifi,.cant matches. Several sequence matches were found when 

the Caenorhabditis elegans database was searched, all corresponding to cosmid 

sequences. 

The ProTaL-1 protein is very acidic (pl3.54), with over 51 % of its amino acids being 

either glutamic acid or aspartic acid. As indicated in Figure 14, the protein also contains 

caesin kinase II phosphorylation sites at residues 4-7, 8-11, and 13-16, and possible 

protein kinase C phosphorylation sites are present at residues 8-10, 13-15, and 81-83. An 

N-myristoylation site is present at residues 36-41 and an amidation site at residues 81-84. 
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A potential nuclear localization signal sequence (PKK.QKY) was found at residues 98-

103. Additionally, there is sequence similarity between residues 46-64 of ProTaL-1 and

the HMG-1 and HMG-Y DNA binding domain (A+ T-hook). Unlike the other 

mammalian ProTa proteins, the h~g~ly conserved Ta1 sequence is not present in the first 

28 amino acids of the N-terminus of ProTaL-1. 

2-Mapping ProTaL-1 

The LN54 zebrafish hybrid mapping panel was typed using PCR designed to amplify the 

3' untranslated region of ProTaL-1. Analysis of the PCR data revealed that ProTaL-1 is 

located 361.4cR from the top of linkage group 6, with a significant LOD score of 12.1 (a 

LOD score> 5 indicates significant linkage). Relative positions of other genes in the 

region are shown in Figure 15. 



Figure 11. Northern blot analysis ofProTaL-1. 

The transcript size of ProTa.L-1 was analyzed using Northern blot analysis of total RNA 

extracted from 24 hpfwild-type embryos. Using an RNA ladder as a reference, the size 

of the hybridizing band was estimated. 
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Figure 12. Identification ofa novel, blood-specific gene with protein sequence identity 

to human prothvmosin alpha protein. 

Protein alignment of the predicted zebrafish ProTaL-1 protein with ProTa proteins from 

other mammals. Alignments were carried out using the Clustal method. Shaded regions 

denote amino acids that match the human ProTa protein sequence exactly. 
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Figure 13. Identification of a zebra(ish EST clone with protein sequence identity to 

ProTaL-1. 

Protein alignment of the predicted ProTaL-1 protein with the predicted protein of the 

zebrafish EST clone, ZFA208. Alignments were carried out using the Clustal method. 

Shaded regions denote amino acids that match the predicted ProTaL-1 protein sequence 

~xactly. 
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Figure 14. Characteristics of the predicted protein sequence of ProTaL-1. 

An HMG-I and HMG-Y binding domain (A+T-hook) (blue letters), nuclear localization 

sequence (red letters), potential caesin kinase II phosphorylation sites (green underline), 

potential protein kinase C phosphorylation sites (purple underline), N-myristoylation site 

(yellow underline), and an amidation site ( orange underline) present within the predicted 

protein sequence of ProTaL-1. 
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Figure 15. Map location ofProTaL-1 as determined by a radiation hybrid panel. 

· The LN54 zebrafish hybrid mapping panel was typed using PCR designed to amplify the 

3' untranslated region of ProTaL-1. Analysis of the PCR data revealed that ProTaL-1 is 

located 361.4cR from the top oflinkage group 6. Relative positions of other genes in the 

region are shown. 
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Expression of ProTaL-1 

Spatial expression of ProTaL-1 transcripts in developing embryos was examined by 

whole mount RNA in situ hybridization. Beginning with the shield stage through the 

one-somite stage, ProTaL-lwas expressed ubiquitously (Figure 16 A-B). As 

development continued through the 5 to 15 somite stages, ProTaL-lexpression became 

restricted to the hematopoietic ICM and a region anterior to the first somite 

86 

(Figure 16 C-D). At 24 hpf, the expression _pattern of ProTaL-lin the ICM was very 

similar to·that of gata-1 (compare Figure 16 E and G). Visualization at greater 

magnification showed that ProTaL-1 ~xpression was slightly more expanded in the 

posterior region of the ICM than gata-1 (inset of Figure 16 E and G ). In addition, 

ProTaL-1 express~d i~ the anterior head and hindbrain at 36 hpf (Fig~re 16 G). Whole 

mount RNA in situ hybridization using the other ProTa-like EST clone, ZF-A208 as a 

probe was also performed. No\issue-spedfic.expression was observed (data not shown). 

Analysis of the temporal expression of ProTaL-lin zebrafish embryos by RT-PCR 
. . . 

followed by Southern blotting revealed that it could be detected from a very early stage. 

ProTaL-1 transcripts were detectable as early as the one-cell stage and the signal 

increased around the shield stage and reached its highest level at 24 hpf (Figure 17). 

gata-1 expression was not detectable until the 5-15 somite stage (Figure 17). ZFA208 

expression was detectable from the 1-cell stage through 24 hpf. The level of ZF A208 

expression was unchanged through 24hpf (Figure 17). To determine the expression 
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profile of ProTaL-1 in adult zebrafish, RT-PCR analysis of different organs was 

performed (Figure 18). RT-PCR revealed that ProTaL-1 expressed highest in the kidney, 

testes, ovaries, liver, and brain, with lower -~xpression seen in the heart, peripheral 

erythrocytes, and spleen. 

Expre,ssion of ProTaL-1 in moonshine and cloche embryos was analyzed using whole 

mount RNA in· situ hybridizati~n and RT-PCR analysis. No differences in ProTaL-1 

expression in the moonshine and cloche embryos compared to wild-type controls were 

detected by either method (data not shown and Figure 19). Visual analysis of 48 hpf 
. ' 

moonshine and cloche embryos confirmed the expected ratios of the mutant phenotype 

within the collected populations. 



Figure 16. Spatial expression_ofProTaL-1 in zebrafish embryos. 

ProTaL-1 expression was detected by whole mount RNA in situ hybridization. (A) 

Shield, (B) 1-somite, (C) 5-somite, (D) 16-somite, (E) 24 hpf and (F) 36 hpf stages are all 

shown. (G) The expression pattern of gata-1 in a 24 hpf zebrafish embryo. (A-C) 

Dorsal is to the right and anterior to the top. (D-G) Dorsal is to the top and anterior to 

the left. (E and G inset) 20x magnification of ProTaL-1 and gata-1 expression in the 

ICM region. 
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Figure 17. Temporal expression of ProTaL-1 in zebrafish embryos. 

Time course RT-PCR of ProTaL-1 expression in various stages of zebrafish 

development. RT-PCR using Pro TaL-1, gata-1, ZF A208, and ef-1 a -specific primers 

followed by Southern hybridization at the multiple time points indicated above the blots. 
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Figure 18. RT-PCR ofProTaL-lexpression in adult zehrafish organs. 

Adult zebrafish were dissected and RNA isolated from various-organs. Samples were 

subjected to RT-PCR using Pro TaL-J -specific ( upper blot) and ef-1 a-specific (lower 

blot) primers followed by Southern hybridization. Liver, kidney, ovaries, testes, and 

brain showed highest expression levels. 
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Figure 19. Expression ofProTaL-1 in moonshine and cloche mutant embryos. 

(A) Expression of ProTaL-1 in 48 hpf moonshine (2 alleles: AB22B and AU44B) and 

cloche embryos was analyzed using RT-PCR analysts. No-RT and wild-type 

controls were included. (B) Expression of ef 1 a was used to normalize the amount of 

DNA in each lane. No differences in ProTaL-1 expressicm in the mixed populations 
. ' 

of moonshine and cloche embryos compared to wild-type controls were detected. 

PCR product sizes were determined using. a 100 bp ladder. 
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Nuclear localization of ProTaL-1 

Since mammalian ProTa proteins are localized to the nucleus (Gomez-Marquez and 

Segade 1988; Watts et al., 1989; Manrow et al., 1991) and because ProTaL-1 contains a 

potential nuclear localization signal, the possibility of whether ProTaL-1 was localized to 

the nucleus was investigated. A plasmid DNA construct containing the ProTaL-1-coding 

sequence fused to EGFP under the control of a CMV promoter was injected into one-cell 

stage embryos. The embryos were examined between the sphere and 24 hpf stage for 

GFP expression. Under low magnification, GFP expression was seen throughout the 

embryos, whereas higher magnification showed specific localization of GFP expression 

within the cells (Figure 20 A and B). Injected sphere-stage embryos were disrupted and 

stained with 4', 6-DIAMIDINO-2-PHENYLINDOLE (DAPI), which intercalates into 

DNA within the nucleus of cells. GFP expression was found to co-localize with the 

DAPI staining (Figure 20 C-E), indicating that ProTaL-1 is a nuclear protein. 



Figure 20. Nuclear localization of the ProTaL-1 protein. 

A plasmid DNA construct containing the ~rq_TaL-1-coding sequence fused to EGFP 

under the control of a CMV promoter was injected into one-cell stage embryos. Visual 

analysis of whole sphere-stage embryos at (A) -Sx magnification showed GFP expression 

throughout the embryo. (B) Visualization. at 63x magnification of cells dispersed from 

sphere stage embryos showing specific·GFP expression in the cells. (C-E) 63x 

magnification of dispersed cells from ProTaL-1/EGFP injected embryos. Cells were 

analyzed for (C) GFP expression and (D) incubated with DAPI to stain the nucleus. (E) 

Overlay of GFP and DAPI, showing co-localization of the two. 
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Over-expression of ProT aL-1 

Although ProTaL-1 expression began earlier in embryos than gata-1, the two expression 

patterns were similar, rai.sing the possibility that ProTaL-1 may affect gata-1 expression. 

To examine this possibility, two experiments were performed: (1) mRNA over

expression analysis and (2) target~d knockdown using a morpholino-based, antisense 

oligonucleotide. 

Transgenic zebrafish expressing GFP in embryonic hematopoietic cells using the 

zebrafish gata-1 promoter have been previously generated (Long et al., 1997) and are 

useful for analyzing factors that affect gata-1 expression in vivo. When 20 pg of 

ProTaL-1 mRNA was injected into-individual, one-cell-stage GATA-1/GFP transgenic 

zebrafish embryos and examined under UV light using an FITC filter, we observed a 

difference in the amount of GFP expressed when compared to GATA-1/GFP transgenic 

embryos injected with a FS ProTaL-1 mRNA (Figure 21). To provide further evidence 

of a relationship between ProTaL-1 an~ gata-1, in situ hybridization was used. RNA 

whole mount in situ analysis confirmed that endogenous gata-1 expression was also 

increased in embryos injected with ProTaL-1 mRNA (Figure 22 A and B). Over

expression of ProTaL-1 mRNA was also analyzed using several,other known genes 

involved in hematopoiesis, namely gata-2, scl, and lmo2 along with a known.muscle 

marker, myo-D. RNA whole mount in situ analysis with these genes revealed no change 

of expression between the ProTaL-1 and FS ProTaL-1-injec!ed populations (data not 



shown and Figure 22 C and D). This was confirmed by RT-PCR analysis (Figure 23). 

Over-expression of mRNA encoding the other ProTa-like EST clone in the transgenic 

fish was also tested. No detectable enhancement of GATA-1 /GFP expression was 

observed ( data not shown). 
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To determine if the difference in GFP expression seen in the previous experiment was 

due to an increase of the nuinber of GATA-I-positive cells, FACS analysis was utilized. 

Again, one-cell-stage GATA-1/GFP transgenic zebrafish embryos were injected with 

ProTaL-1 mRNA or the FS ProTaL-1 mRNA. Embryos were grown to the 20 hpf stage, 

homogenized, and subjected to FACS analysis using standard FITC conditions. A total 

of 20,000 events were assessed each time. Embryos injected with the FS ProTaL-1 

construct yielded an average of 855 GFP- positive cells (N=6), whereas those injected 

with the ProTaL-1 construct yielded an average of 1036 GFP- positive cells (N=6) 

(Figure 24 A and B, respectively). Thus, there was approximately a 21 % increase in the 

number of GFP-positive cells (Figure 24 C). It should also be noted that along with a 

greater number of GFP positive cells, there was a population of cells that appeared to be 

brighter in the ProTaL-1 mRNA injected em~ryos (Figure 24 A and B, area to the right 

of the dotted lines). This suggests that not only was there an increase in the total number 

of GATA-1/GFP-expressing cells, but the level of GATA-1/GFP expression in some cells 

was increased as well. 
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Semi-quantitative RT-PCR followed by Southern blot analysis was used to look at the 

quantitative differences in gata-1 expression observed in the injected embryos. Embryos 

injected with ProTaL-1 mRNA showed a 20% increase in gata-1 expression compared to 

PS-injected embryos (Figure 25). These results were consistent with the increase in the 

number of OPP-positive cells seen earlier. 



Figure 21. Ove~~exp.ression of ProTaL-1 in -GATA;..J/GFP transgenic zebrafish 
·1' < 

embryos. 

Visual analysis under UV light of GA'~ A-1/GFP transgenic zebrafish 24 hours after 

injection of either mRNA from ProTaL-1 or frameshifted (FS) ProTaL-1. Embryos 

injected with the ProTaL-1 mRNA appear to hav~ more GFP positive cells than those 

embryos injected with FS ProTaL-1 mRNA. 
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Figure 22. Whole mount RNA in situ hybridization analysis of over-expression of 

ProTaL-1. 

(A, B) Expression of gata-1 detected by whole-mount RNA in situ hybridization in 

ProTaL-1 and FS ProTaL-1-injected embryos, respectively. (C, D) Expression of myo

D inProTaL-1 and FS_ProTaL-1-injected embryos, respectively. gata-1- expression 

appears higher in ProTaL-1 injected embryos. 
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Figure 23. RT-PCR analysis ofProTaL-1 over-expression. 

Over"."expression·of ProTaL-1 mRNA was analyzed u_sing several genes involved in 

hematopoiesis. Expression of gata-2, sci, lmo2, myo-D, and ef-1 a were analyz~d for 

embryos injected with FS. ProTaL-1 mRNA (C) or ProTaL-1 mID;J'A (P). Expression of 

ef-1 a was used to normalize the amount of DNA loaded. A no-RT control was included 

as an internal control. PCR product sizes were analyzed by comparison to a 100 bp 

ladder. As shown, all the blood-specific genes tested were expressed at the same levels 

in FS ProTaL-1 and ProTaL-1- injected embryos. 
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Figure 24. FACS analysis ofProTaL-1 over-expression. 

FACS analysis of (A) FS ProTaL-lmRNA-injected embryos and (B) ProTaL-lmRNA

injected embryos. Y-axis indicates forward scatter. The X-axis indicates fluorescence 

intensity. (Dotted lines serve as a reference to indicate brightness of the sorted cells) . 

. (C) Total number of GFP-positive cells (Y-axis) sorted from 20,000 total cells from FS 

ProTaL-1 mRNA-injected embryos and ProTaL-1 mRNA-injected embryos. Bars 

represent standard deviation fr(?m the mean. 
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'Figure 25. Quantification ofgata-1 expression. 

RT-PCR of gata-1 expression in zebrafish embryos injected with ProTaL-1 MO, 

. . 

ProTaL-1 MO and ProTaL:.J mRNA, ·ps ProTaL-1 mRNA, or ProTaL-1 mRNA. A 

no-RT internal control was also included.· Embryos were injected at the one-cell stage, 

grown to.20 hpf, and collected for analysis. RT-PCR using gata-1-specific (upper blot) 

· and ef-1 a-specific (lower blot) primers followed by Southern hybridization was carried 

out on each population represented. Readin~ -ratio i~ intensity of gata-1. expression 

divided by that of ef-1 a expression. · The percentage shown is the percentage of gata-1 

expression compared to the control MO-injected population. 
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Targeted knockdown of ProTaL-1 

To further elucidate the relationship between ProTaL-1 and GATA-1, the 'knockdown' 

technology of morpholino-modified oligonucleotides (morpholinos) (N asevicius and 

Ekker 2000; Heasman et al., 2000) was used. A ProTaL-1 antisense morpholino 

oligonucleotide (MO) corresponding to its 5' ATG region was designed and a series of 

microinjection experiments were performed. co..:injection of the ProTaL-1 MO with a 

DNA construct encoding the ProTaL-1/GFP fusion protein (2 ng per embryo for the 

morpholino mRNA and 20 pg for the DNA) resulted in specific blockage of_ ProTaL-

1/GFP fusion protein synthesis from the sphere through the 24 hpf stage (Figure 26 A and 

B, and data not shown). No effect was seen when the ProTaL-1 MO was co-injected 

with a pEGFP DNA construct, which encodes _OPP alone, or upon co-injection of the 

control MO with the ProTaL-1/GFP construct (Figure 26 C and D, respectively). 

RNA whole mount in situ hybridization on 20-24 hpf MO-injected embryos showed a 

· reduction of gata-1 expression in the ICM as compared to that of the control MO-injected 

embryos (Figu1:e 27 A, B). Staining with gata-2, c-myb, sci, lmo2, and myo-D showed no 

difference between the same two population_s o_f injected embryos ( data not shown and 

Figure 27 C, D). The absence of a change in the expression of these genes following 

targeted knockdown was confirmed by RT-PCR analysis (Figure 28). Semi-quantitative· 

RT-PCR followed by Southern analysis showed a 23% decrease in the amount of gata-1 

expressed in ProTaL-1 MO-injected embryos relative to the FS ProTaL-1-injected 

population (Figure 25). -
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Further quantitative differences in gata-1 expression were determined by FACS analysis 

and RT-PCR. One-cell stage OATA-1/0PPtransgenic zebrafish embryos were injected 

with either the ProTaL-1 MO or with the control MO. Embryos were grown to the 20 

hpf stage, homogenized, and subjected to FACS analysis. A total of 20,000 events were 

assessed each time. The control MO-injected population yielded an average of 865 OPP

positive cells (N=5), whereas the population injected with the ProTaL-1 MO yielded an 

average of 661 OPP-positive cells (N=5)(Figure 29 A and B, re~pectively). Thus, there 

was approximately a 31 % decrease in the number of OPP-positive cells (Figure 29 C). It 

should also be noted that alo:p.g with a decreased number of OPP positive cells, there was 

a population of cells that appeared to·be lost in the ProTaL-1 MO injected embryos 

· (Figure 29 A and B, area to the right of the dotted lines). This suggests that not only was 

there a decrease in the total number of OATA-1/0PP-expressing cells, but the level of 

G.~TA-1/0PP expression in some cells was decreased also. 



Figure 26. Effects oftargeted knockdown ofProTaL-ltranslation. 

Shield stage embryos injected with (A) pCMV- ProTaL-1/GFP construct or (B) pCMV

ProTaL-1/GFP followed by injection with the ProTaL-1 MO. No effect was seen when 

the ProTaL-1 MO was co-injected with a pEGFP DNA construct, which encodes GFP _ 

alone, or upon co-injection of the control MO with the ProTaL-1/GFP construct (C and 

D, respectively). 
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Figure 27. Whole mount RNA in situ hybridization analysis of targeted knockdown of 

ProTaL-1. 

(A, B) Expression of gata-1 in control MO and ProTaL-1 MO-injected embryos, 

respectively. gata-1 expression is seen in the region of the ICM in dark purple. (C, D) 

Expression of myo-D in control MO and ProTaL-1 MO-injected embryos, respectively .. 

gata-1 expression appears lower in ProTaL-1 MO injected.embryos. 
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Figure 28. RT-PCR analysis of targeted knockdown o(ProTaL-1. 

Targeted knockdown of ProTaL-1 mRNA was analyzed using several genes involved in 

hematopoiesis. A no-RT ~ontrol wasincluded as anintemal control..· PCR product sizes 
' ~- . . , 

were analyzed by comparison to a 100 hp ladder. -Expression of ef-1 a, myo-D, lino2, scl, 

andgata-2 was analyzed for embryos injected-with.control MO (C) or ProTaL-1 MO (P). 

Expression of ef-1 a was ~sed to normalize the amount of DNA loaded. 
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Figure 29. FACS analysis of targeted knockdown ofProTaL-1. 

FACS analysis of (A) control MO-injected embryos and (B) ProTaL-1 MO-injected 

embryos. Y-axis indicates forward scatter. The X-axis indicates fluorescence intensity. 

(Dotted lines serve as a reference to indicate ·brightness of the sorted cells). (C) Total 

number of GFP-positive cells (Y-axis) sorted from 20,000 total cells from the control MO 

and ProTaL-1 MO injected embryos. Bars show standard deviation from the mean. 
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Partial rescue of the knockdown phenotype 

To demonstrate that the reduction of GATA-1 positive cells was specific to the actions of 

the ProTaL-1 MO, rescue experiments were conducted. One-cell stage GATA-1/GFP 

transgenic embryos were co-:-i!).jected with the ProTaL-1 MO and mRNA~ The embryos 

were grown to the 20 hpf stage and subjected to FACS analysis or RT-PCR as described 

~bove. FACS analysis yielded an aver_age of 761 OPP-positive cells (N=6), thus a 15% 

increase in the total number ofGFP-positive cells compared to.embryos injected with the 

ProTaL-1 MO alone and 88% of the control MO-injected population (Figure 30 A-C). 

Semi-quantitative RT-PCR followed by Southern analysis .showed an almost full rescue 

of gata-1 expression, comprising 94% of the control population (Figure 25). 



Figure 30. Co-iniection of ProTaL-lmRNA with the ProTaL-1 MO partially rescues 

the morpholino-induced change in gata-1 expression. 

FACS analysis of (A) control MO-injected embryos and (B) ProTaL-1 MO/mRNA

coinjected embryos. Y-axis indicates forward scatter. The X-axis indicates fluore~cence 

intensity. (C) Total number of GFP-positive cells (Y-axis) sorted from 20,000 total cells 

from the ProTaL-1 MO injected, ProTaL-1 MO/mRNA- coinjected embryos, FS 

· ProTaL-1, and ProTaL-lmRNA injected embryos. Bars show standard deviation from 

the mean. The ProTaL-1 MO/mRNA- coinjected embryos partially rescue the number of 

GFP-positive cells from the ProTaL-1 MO-injected levels. 
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DISCUSSION 

In this study, the zebrafish was used to identify and analyze genes involved in· 

hematopoiesis. Using the novel approach of combining zebrafish transgenic and 

molecular biology approaches, we were able to construct an erythroid precursor cell

specific cDNA library. Development of a high-throughput method of screening the 

library using PCR, Southern hybridization, whole mount RNA in situ hybridization, and 

sequencing analysis allowed for the rapid identification of potential genes involved in 

hematopoietic development. Screening of the library resulted in the identification of 83 

independent genes that have tissue-specific expression in the zebrafish, 65 of which 

showed specific expression in regions of he.matopoietic development. One such gene, 
. . . 

ProTaL-1, was found to play a possible role in early erythroid devdopment by 

promoting proliferation ofGATA-1-posititive cells and up-regulating ga.ta-1 expression. 

Construction of a directionally cloned, erythroid precursor cell-specific cDNA 

library 

The generation of libraries from a particular tissue has been achieved through dissection, 

subtraction (Houlgatte et al., 1995), and sucrose gradient sedimentation (Kopczynski et 

al., 1998). Each of these techniques improved upon the original techniques, which used 

the entire organism to generate libraries. In this study, a technique was developed that 

uses GATA-1/GFP transgenic zebrafish to create a directionally cloned, EPC-specific 
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cDNA library. The ability to obtain a pure populatio"n of EPCs was accomplished using 

FACS to isolate EPCs from 20-24 hpf GATA-1/GFP transgenic zebrafish embryos. The 

sorted EPCs were then subjected to a second round of FACS analysis or microscopic 

examination to determine the purity of the sorted population. The result was a 92.88% 

purity level, meaning that only 7 .2% of the cells collected by FACS were not transgenic. 

Therefore, this form of isolation allows for collection_ of a very pure sample of tissue. 

The purity of the sample is also an important aspect of the technique, because it improves 

on previo~s techniques of t~ssue isolation by decreasing the amount of "contaminating" 

tissue, thus making subsequent screening of a library less laborious. The use of FACS 

also allows for the purity of the sample to be measured, which is another advantage 

gained by this technique over those previously described. 

The ability to isolate pure populations of hematopoietic progenitor cells from the ICM of 

transgenic zebrafish has provided opportunities for a variety of in vitro studies (Long et 

al., 1997). Isolation of a pure population of cells can provide mRNA for the construction 

of a cell-specific library, overcoming the difficulties of cross-tissue contamination 

experienced in dissection experiments. Limiting a library to a specific tissue will also 

lower the total number of clones to screen and make identification easier. This method of 

construction and high-throughput screening of a tissue-specific library should allow for 

the rapid identification and characterization of genes involved in hematopoietic 

development. 
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High-throughput identification of potentially important genes involved in zebrafish 
/ 

hematopoiesis 

In this study, we developed a high-throughput method of screening the EPC-specific 

library by combining PCR, Southern hybridization, whole mount RNA in situ 

hybridization, and sequencing analysis for the rapid identification of genes involved in 

hematopoietic development. PCR was used to amplify full-length inserts out of the 

pTriplEx2 vector. Amplification of the inserts were all carried out under the same 

conditions, in order to keep the relative levels of DNA equal for Southern analysis and 

prevented any discrepancies in subsequent analysis. Southern analysis was used as a 

screening process, comparing hybridization signals of the clones to a 16 hpf total cDNA · 

probe. By using total cDNA as a prob~, all genes expressed at the 16 hpf stage of 

development were represented. 

At 16 hpf, embryos have begun .hematopoietic development. Embryos are at the 14-

somite stage, classified within the segmentation period (10-20 hpf). It is between 12-18 

hpf in the zebrafish in which embryonic blood cells begin to commit to a specific lineage. 

It is also at this time that hematopoietic cells begin to express gata-1. Using this 

information, 16 hour total cDNA probes were used to identify clones that potentially 

were involved in hematopoiesis. To assist in the identification of hematopoietic-specific 

genes, two clones were· identified through the screening process and were used as 

controls based on their hybridization intensity to the 16 hpf probe. These two clones, 
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017 and ES, exhibited weak and strong hybridization to the 16 hpf probe, respectively. 

Through further analysis, G 17 was found to specifically express in the ICM of zebrafish . 

embryos, while the ES clone exhibited dispersed expression throughout the embryo. The 

G 17 clone was later characterized as a new death receptor, termed the zebrafish 

hematopoietic death receptor (ZH-DR) (Long et al., 2000). Long et al. further revealed a 

possible role of ZH-DR in the reguh1tion of erythropoiesis. Based on this data, the G 17 

clone was chosen to be used as a tissue-specific control and the ES clone was chosen as a 

non-tissue-specific control. With the additiori of the two controls, the amount of time and 

labor needed per round of screening was reduced. 

Using this method of selection, S7% of the clones randomly selected for screening were 

discarded. The large number of clones exhibiting hybridization signals similar to a non

tissue-specific gene can be explained by the large number of genes necessary for the 

survival of the cell and not the determination of the specific cell type. 

Whole mount RNA in situ hybridization of the remaining clones was carried out to 

identify clones with specific expression associated with zebrafish hematopoiesis. The· 

expression patterns of 662 individual cDNAs were assessed. Over 12% of the clones 

exhibited tissue-specific staining patterns. Of that population, 83% exhibited expression 

reminiscent of sites of hematopoietic development in the zebrafish, namely the ICM. 

Thus, S% of the clones randomly selected for screening exhibited hematopoietic-specific 
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staining. A possible explanation of this observation is that by limiting the library to 

genes expressed in EPCs, along with our method of excluding abundant genes through 

Southern blot analysis, the population has been enriched for hematopoietic-specific 

genes. These results are based on less than 1 % of the total number of clones present 

within the library. Although this seems to be a very small sample size, it does not take 

into consideration the occurrence of repetitive clones that may compose a large portion of 

the library, which in tum could_ skew the data. 

Identification of ProTaL-1 

We have identified a zebrafish gene, ProTaL-1, whose predicted protein shares sequence 

identity to mammalian ProTa. We have shown that temporal and spatial expression 

· patterns of ProTaL-1 overlap and precede that of the known hematopoietic specific gene 

gata-1. These two genes appear to be functionally related since over-expression of 

. ProTaL-1 mRNA resulted in an increased number of GATA-I-positive cells and gata-1 

expression, whereas knockdown of the ProTaL-l protein had the reverse effect. 

Although ProTaL-1 shares approximately 67% amino-acid sequence similarity to human 

Pro Ta, we believe it is not an ortholog of Pro Ta (that is, it did evolve from the same· 

ancestral gene as ProTa), but rather, is a related gene belonging to the same family. 

Several lines of evidence support our conclusion. ProTa has a wide distribution across 
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all cell types (Gomez-Marquez et al., 1989), whereas ProTaL-1 expression is localized to 

embryonic hematopoietic cells (Fig 2B-H). In addition, ProTaL-1 lacks the Ta.1 peptide 

sequence present in the first 28 residues of ProTa. in all other mammals. It has also been 

determined that mammalia~ ProTa. contains a conserved helix-loop-helix domain 

(Haritos et al., 1985), which may be responsible for interaction with DNA. ProTaL-1 

does not contain such a helix-loop-helix domain, but instead has sequence similarity to 

the HMG-1 and HMG-Y binding_ domain (A+ T-hook). The A+ T-hook is a small motif 

found in a wide range of organisms and has been shown· to cooperate with other DNA

binding facto.rs, either acting directly on DNA or with a multidomain protein complex 

(Aravind and Landsman 1998). Binding of the A+ T-hook is thought to take place in the 

minor groove of DNA, thus altering the architecture of chromatin at levels beyond that of 

the basic histones. A+ T-hook proteins also act as accessory factors that affect ~he 

association of transcription factors with chromatin (Thanos and Maniatis 1992; Strick and 

Laemmli 1995). Because ProTaL-1 contains an A+T-hook binding domain and because 

of its nuclear localization, we believe that ProTaL-1 is also likely to be involved in 

chromatin reorganization. ProTaL-1 may interact with a basic histone via its acidic 

nature, and like ProTa., it may also serve as an accessory protein for chromatin 

reorganization, thereby affecting transcription of a target gene .. Zebrafish has another 

potential prothymosin alpha-like protein (EST #AA566624, previously mentioned) that is 

presumed to have similar featur~s to ProTaL-1 ( data not shown), suggesting that 

ProTaL-1 may represent a new class of ProTa. proteins. 
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Characterization of ProTaL-1 

As indicated by the detection of transcripts before the shield stage, ProTaL-1 has a low 

level of maternal expression, with increased zygotic expression that is primarily restricted 

to embryonic hematopoietic tissues. Since ProTaL-lwas isolated from a cDNA library 

constructed from GATA-1/GFP-positive cells, it is conceivable that both genes are co

expressed in the same cells. This idea is further supported by the fact that the embryonic 

expression of ProTaL-1 overlaps that of gata-1. GATA-1 is one of the earliest markers 

specific to embryonic hematopoietic cells in zebrafish (Detrich et al., 1995). During 

development, gata-1 expression is normally initiated in posterior lateral mesoderm plates 

at approximately the one-somite stage and becomes highly restricted to two bilateral 

stripes, representing the precursors of ICM between the 5- to 10-somite stages (Detrich et 

al., 1995). ProTaL-1 expression is detectable at the shield stage and increases 

significantly during the 5- to 15-somite stages. It is at the 5-somite stage that the 

ProTaL-1 expression pattern starts to become similar to that of gata-1. Since the onset 

of ProTaL-1 expression precedes that of gata-1, ProTaL-1 must act at the very early 

stages of hematopoiesis. 

In adult zebrafish, there are three tissues highly conc·entrated with blood cells: the kidney, 

circulating peripheral blood, and the spleen. The kidney is the adult hematopoietic site 

. and is primarily populated by hemaiopoietic progenitor cells (Lin et al., 2001; Willett et 
. . 

al., 1997; Willett et al., 1999). In contrast, peripheral blood is mainly composed of 

mature erythrocytes while the spleen serves as the site for recycling senescent 
_I 
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erythrocytes (Lin et al., 2001). The observation that ProTaL-1 expression is high in the 

kidney as opposed to sites containing mature erythrocytes is indicati~e of a possible role 

within the progenitor cell population. This is in agreement with the data obtained 

through our embryonic expression studies discussed below. 

The fact that ProTaL-1 expression is not altered in the zebrafish hematopoietic mutants 

cloche and moonshine does not eliminate the possibility that it is involved in 

hematopoiesis. Thes.e results do point toward .a possibility that the mutations of cloche 

and moonshine are downstream of ProTaL-1 function. The possibility is slim due to the 

fact that other blood specific genes, other than gata-1, are unaffect.ed by changing the 

\ expression of ProTaL-1. This suggests that ProTaL-1 is involved in a separate pathway, 

outside that of the pathway presented in Figure 1. 

A potential role for ProTaL-1 in hematopoiesis 

We have shown that gata-1 expression can be increased through forced expression of 

ProTaL-1. The increase in the amount of gata-1 expressed can possibly be linked to an 

increase in the total number of GATA:...1-expressing cells; however, the appearance of a 

brighter population of cells also suggests that there may be an increase in the amount of 

gata-1 expressed per cell. The lack of change in the expression of other blood-specific 

genes indicates that the effects of ProTaL-1 may be exclusive to gata-1. Although it 

cannot irrefutably b~ concluded that the effects of ProTaL-1 are exclusive to gata-1, we 

do know that ProTaL-1 does not affect all mesoderm-derived tissues, as no effect on the 
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muscle-specific marker myo-D was seen following over-expression of ProTaL-1. In 

addition, the ProTaL-1 MO decreased gata-1 expression specifically in the ICM by 

decreasing the total number of GATA-1 expressing cells. The decrease in gata-1 

expression and the loss of GATA-1 expressing cells were almost completely rescued by 

co-injection of the ProTaL-1 mRNA with the ProTaL-1 MO. Thus, we can conclude 

that the changes observed after injection of the ProTaL-1 MO were a direct result of the 

effects induced by the ProTaL-1 MO. 

The effects exhibited by ProTaL-1 on GATA-1 correlates with the proposed role of 

ProTa in cell proliferation (Eschenfeldt and Berger 1986; Gomez-Marquez et al., 1989; 

Bustelo et al., 1991; Conteas et al., 1990). ~roTa's ability to accelerate proliferation 

when over-expressed in cell culture (Wu et al., 1997; Rodriguez et al., 1998) mirrors the 

effect of ProTaL-1 over-expression on GATA-I-expressing cells. Furthermore, it has 

also been shown that incubation of ProTa antisense oligonucleotides with synchronized 

human myeloma cells prevents cells division (Sburlati et al., 1991). The data from our 

morpholino oligo experiments is consistent with this finding. 

It is thought that ProTa regulates the cell cycle by shortening the G1 phase, thus inducing 

an accelerated rate of proliferation (Wu et al., 1997; Rodriguez et al., 1998). This 

mechanism is further supported by the finding that ProTa is a target for the Myc protein 

(Eilers et al., 1991; Gaubatz et al., 1994; Desbarats et al., 1996), a transcription factor that 
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plays a key role in the regulation of mammalian cell proliferation (Bishop 1991; Amati 

and Land 1994). The relationship between ProTa and Myc suggests that ProTa may be 

involved early in the proliferation events triggered by the myc genes (Rodriguez et al., 

1998). Due to the sequence and functional similarities between ProTaL-1 and ProTa, it 

is possible that ProTaL-lacts via a similar mechanism, by regulating the cell cycle within 

the erythroid lineage. Although we have yet to identify any factors directly affecting the 

expression of ProTaL-1, we can not rule out the possibility that ProTaL-1 is regulated by 

another factor, as in the Myc/ ProTa pathway. However, based on the fact that we have 

yet to observe an effect outside the hematopoietic lineage upon over-expression of 

ProTaL-1, we can speculate that if another factor is involved, it must be tissue-specific. 

Although, the_ data presented supports a possible proliferative role of ProTaL-1, there are 

many potential mechanisms that could result in similar changes in the number of blood 

cells at the particular stage of development studied in this experiment. It is possible that 

ProTaL-1 may play a role in the specific"ation or apoptosis of blood cells instead of 

participating in proliferative events. However, due to the similarities· of ProTaL-1 with 

ProTa coupled with the fact that the_ proliferative effects of ProTa have been well 

established, we believe ProTaL-1 is involved in cell proliferation. 

An increase in the amount of gata-1 expressed in the population of GATA-1-positive 

cells after over-expression of ProTaL-lwas also detected. From this we can hypothesize 

that ProTaL-1 may also be involved in the regulation of gata-1 expression. This 



120 

. . 

suggests a possible role in early erythroid development.. Regulation may occur either 

through direct interaction of the A+ T-hook binding domain of ProTaL-1 with the gata-1 

promoter, with cis-acting elements or by acting in concert with other transcription factors 

along the hematopoietic cascade. ProTaL-1 's affect on GATA-1 could alternatively be 

regulated on the chromatin level through an interaction similar to that seen with ProTcx." or 

nucleoplasmin (Earnshaw et al., 1980; Laskey and Earnshaw 1980). ProTaL-1, ProTa., 

and nucleoplasmin are all highly acidic proteins, containing stretches of glutamic or 

aspartic acid residues. It has previously been noted that acidic regions might be expected 

t9 exhibit significant binding to core histones, thus regulating nucleosome assembly and 

disassembly (Laskey and Earnshaw 1980; Reynolds et al., 1985). A study using the yeast 

GCN4 protein suggests that the acidic regions might undergo direct interactions with 

other chromatin proteins (Hope and Strohl 1986). This leads to several possibilities fot'a 

mechanism for ProTaL-1 function. Specifically, it could sequester histone Hl, 

ultimately resulting in the decondensation of chromatin at the site .of the gata-1 locus~ 

This interaction may require hematopoietic-specific, trans-acting factors yet to be 

identified. Further studies revealing a direct interaction of ProTaL-1 with GATA-1 or 

other factors will help elucidate this question. 



SUMMARY 

Zebrafish hematopoiesis begins in an intra-embryonic tissue called the intermediate cell 

mass (ICM), which specifically expresses the erythroid-specific transcription factor 

GATA-I. Using a cDNA library constructed from embryonic zebrafish GATA-1-

positive cells, we identified a·prothymosin alpha-like gene, ProTaL-1. RNA whole 

mount in situ hybridization showed that Pro TaL-1 was specifically expressed in the ICM. 

Microinjection of a· constt:uct encoding ProTtxL~ 1 fused to the· green fluorescent protein 

- . . . . . . 

revealed nuclear localization of ProTaL-1. Over-expression of ProTaL-1 mRNA 

increased gata-1 expression, whereas knockdown of Pro TaL-1 using an antisense, 

morpholino oligonucleotide resulted in a specific decrease of gata-1 expression in whole 

embryos. Fluorescence activated_cell ~.orting analysis of green fluorescent protein-
. . . 

labeled GATA-I-positive cells from transgenic zebrafish indicated that ProTaL-1 acted 

primarily to increase the total number of embryonic hematopoietic cells. Since 

prothymosin alpha is conserved among species, ProTaL-1 may play a role in promoting 

proliferation of hematopoietic progenitor cells in higher vertebrates. 

This study, along with a previous study from our laboratory (Long et al., 2000), presents 

a method of combining both transgenic and molecular biology approaches to identify 

potentially important genes involved in zebra.fish development. We have shown that a 

specific cell lineage can be effectively labeled, isolated, and made into a cDNA library 
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enriched in genes within that population of cells. Combining these techniques with other 

molecular techniques, we have established a high-throughput method of screening for 

novel genes. We have used this method to identify over twenty novel genes expressed 

within the hematopoietic tissue of zebrafish. Characterization of these genes should help 

decipher the mechanisms involved in hematopoietic development (Long et al., 2000). 
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