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INTRODUCTION

A. Statement of the problem

Blood is composed of different cellular components, each having a different
function, morphology, and life span. The formation of different cell lineages from
hematopoietic stem cells is a highly regulated process that involves the sequential
activation of lineage and stage specific transcription factors, and is influenced by
the microenvironment and growth factors. Cells from different lineages have
distinct functions. White blood cells provide the critical functions of innate and
~cquired

immunity, whereas red blood cell function is the exchange of respiratory

gases.

The morphology and structure of blood cells are dictated by their function, which
in turn is modulated by lineage-specific transcriptional activation. The structure of
red blood cells is adapted so as to maximize the efficiency of their function. This
structure also provides them with resiliency to withstand the constant exposure to
physical and chemical insults without losing structural and functional integrity.
The proper function and survival of red blood cells, which is vital to the well
being of the organism, is dependent on the integrity of their structure. Red blood
cells are composed of a highly organized
I

membrane,

which surrounds a
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cytoplasm filled with hemoglobin and metabolic enzymes. Any mutation resulting
in the lack of membrane integrity, alteration of molecular structure of
hemoglobin, or the deficiency of metabolic enzymes would lead to structural and
functional disorders of red blood cells.

One of the unique characteristics of blood cells is their continuous elimination and
replacement. This process of replacing damaged and older cells with newly
matured cells is a highly modulated process that is essential to maintaining
homeostasis of the organism. Despite their constant tum-over during the normal
life cycle of a healthy individual, the number of blood cells remains constant.
Anemia is a condition in which there is a decrease in the number of red blood
cells compared to the normal level. This could be due to reduced production of
red blood cells, or increased destruction of them.

In this study we wanted to characterize the hematological and pathological
abnormalities in the zebrafish mutant merlot (mot). We also sought to identifY the
underlying cause of the observed phenotype in mot fish at the genetic and
molecular level and to isolate the mot gene. The experimental results show that:
1.

Positional cloning techniques and candidate gene strategies are powerful
techniques to identifY the disease-causing mutation in zebrafish mot.

2.

The expression of hematopoietic genes that are involved in the process of
primitive erythropoiesis is maintained at a normal level in mot embryos.

3
3.

The zebrafish mutant mer/ot suffers from a severe hemolytic anemia due to
mutations in protein 4.1.

4.

The zebrafish erythroid specific isoform of protein 4.1 is necessary for proper
erythroid morphology, structural integrity, and membrane deformability.

5.

Erythroid destruction in mot fish is accompanied by apoptosis.

6.

The zebrafish protein 4.1 contains evolutionarily conserved membrane and
spectrin binding domains.

7.

Transgenic techniques can be used to partially rescue the mutant phenotype.

These results demonstrated the effectiveness of positional cloning techniques and
candidate gene strategies in identifYing mutated genes in zebrafish. In this study
we demonstrated that the hematological abnormalities seen in mot fish are due to
mutations in a cytoskeletal component of the erythroid cell membrane, protein
4.1R. We also demonstrated that protein 4.1 deficiencies in red blood cells
manifest as abnormal morphology, reduced membrane deformability, and loss of
cortical membrane organization. The red blood cells of mot fish are prone to
premature destruction, which in part is mediated by apoptosis. This work also
presents the zebrafish mutant merlot as the first non-mammalian vertebrate model
of congenital anemia due to protein 4.1 deficiency.

4
B. Review of Related Literature
Hematopoiesis

Blood contains various types of cells, each of which is distinct in morphology and
has specific biological functions. All blood cells from myeloid, lymphoid, and
erythroid lineages are the progeny of the hematopoietic stem cell (HSC).
Hematopoiesis is the process of generating all the various blood cells from the
HSCs and is a multi-step process that starts early during embryonic development
(Evans, 1997). The first step is the specification of cells from ventral mesoderm to
become HSCs that are capable of self-renewal and self-maintenance in a noncycling stage. HSCs then give rise to a population of cells called progenitors.
Progenitor cells proliferate and ultimately commit and differentiate to a particular
type of mature blood cell.

Much of our understanding of the maturation of the hematopoietic system has
been derived from studies on animal models (Keller et al., 1999). During
vertebrate embryogenesis, hematopoiesis occurs in two successive waves, each
characterized by a distinct anatomical location and genetic program. In mammals,
the extra-embryonic blood .islands of the yolk sac are the sites of primitive
hematopoiesis (Zon, 1995; Orkin, 1995a). Primitive hematopoiesis is thought to
be transitory, and generates only embryonic red cells in a rapid and synchronous
wave of development (Wong et a!., 1986). These cells are morphologically and
functionally different from red cells generated during the second wave of
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hematopoiesis. Compared to the anucleated red blood cells in adults, embryonic
red cells are larger, nucleated and express embryonic globins (Brotherton et a!.,
1979). Embryonic cells are constantly cycling during development and do not
pause for a long time to differentiate, whereas fetaVadult hematopoietic cells
remain in the Go phase for an extensive time period and are activated only when
needed (Zon, 1995). These observations suggest that embryonic hematopoietic
cells represent a distinct lineage, separate from other blood cell lineages. In mice,
the onset of primitive hematopoiesis occurs around day 7 of gestation when in situ
hybridization studies demonstrate the expression of hematopoietic genes such as
GATA-2 and scVtal-1 (Silver and Palis, 1997). However, the appearance of blood
islands in the yolk sac is not seen until later on at approximately day 7.5. The
blood islands of the yolk sac consist of a population of erythroid cells surrounded
by a layer of angioblasts that will form the developing vascular system. The close
spatial proximity and similar gene expression in these two lineages have led to the
hypothesis that they are derived from a common precursor called the
hemangioblast (Risau and Flamme, 1995). At day 8.5 of gestation, when the heart
starts to beat, the primitive erythroid cells enter the developing vascular system
and remain in the circulation until mid gestation (Brotherton eta!., 1979).

The second wave of hematopoiesis, called definitive hematopoiesis, is
characterized by development of blood cells from all lineages and continues
throughout the life of the organism. Unlike the ventral primitive hematopoiesis,
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whose origin from the yolk sac is well established, the identification of the initial
site of definitive hematopoiesis has been the subject of various investigations. In
mice, shortly after the initiation of primitive hematopoiesis, the early precursors
of definitive hematopoiesis are detected in the yolk sac (Wong et a!., 1986;
Johnson and Barker, 1985) . Although these cells are capable of giving rise to the
definitive erythroid and myeloid lineages, they do not mature in the yolk sac
(Auerbach et a!., 1996). Further studies have identified an intraembryonic site
known as the aorta-gonad-mesonephros (AGM) that contains multipotential
definitive hematopoietic stem cells (Medvinsky eta!., 1993; Cumano eta!., 2000).
These cells are detected at day 10.5 of gestation and migrate to the fetal site of
hematopoiesis, the liver, which remains the major site of hematopoiesis until
birth. Hematopoietic precursors seed the bone marrow late in gestation, which
becomes the principal site of hematopoiesis shortly after birth.

There are two theones about the origin of definitive HSCs. One states that the
primitive HSCs migrate from the yolk sac and populate the future sites of
hematopoiesis such as the liver, spleen and bone marrow. The other and more
accepted model proposes that the primitive and definitive HSCs are two distinct
populations that develop early on during embryogenesis, and that the definitive
HSCs are present in the yolk sac during primitive hematopoiesis (Dieterlen-Lievre
et a!., 1976; Turpen et a!., 1981 ). Based on the latter model, the primitive HSCs
give rise to the embryonic red cells and then undergo apoptosis. However, the
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definitive HSCs migrate from the yolk sac to the AGM or the fetal liver where
they differentiate and give rise to the definitive blood cells from different
lineages. In summary, during mammalian development, hematopoiesis begins at
the yolk sac, progresses to the aorta-gonad-mesonephros (AGM), the fetal liver
and finally, the bone marrow (and spleen in mice), which remains the site of
hematopoiesis throughout the life of the organism. .

Hematopoiesis is modulated by the combined synergy of growth factors and
nuclear regulators (Orkin, 1995b). Growth factors, or cytokines, allow for
proliferation and survival of progenitors in a permissive fashion. Transcription
factors (TF), on the other hand, regulate expression and function of lineagespecific genes in response to various proliferation and differentiation signals.

Hematopoiesis in zebrafish

In recent years, zebrafish have emerged as a powerful model to study the genetic
and molecular biology of hematopoiesis (Paw and Zoo, 2000). Critical genes
involved in hematopoiesis, including sci, gata factors, c-myb, and globins, have
been cloned in zebrafish. Studies show that expression and function of bloodspecific genes in· zebrafish resemble those in higher vertebrates (Thompson et a!.,
1998; Liao et a!., 1998; Liao et a!., 1997). Chan et a! showed zebrafish also
undergo the regulated process of hemoglobin switching similar to that found in
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higher vertebrates, (Chan et a!., 1997). The rapid development of transparent
zebrafish embryos allows one to microscopically monitor the process of
embryonic erythropoiesis.

Like in higher vertebrates, hematopoiesis in zebrafish occurs in two successive
waves of primitive and definitive hematopoiesis. The site of primitive
hematopoiesis in zebrafish is the intermediate cell mass (ICM) (Al-Adhami,
1977). The ICM, which is analogous to the blood island on the yolk sac of other
species (Willett et a!., 1999), is formed during gastrulation from two bilateral
stripes of paraxial mesoderm. At about 11 hpf, the expression of the first
hematopoietic specific transcription factors, gata-2 and sci, is detected in these
stripes. The expression of gata-1 and then globin ( 14 hpf) in this region is an
indication of the onset of primitive erythropoiesis. Later on, these stripes
converge medially and then fuse posteriorly in the tail to form a single
intraembryonic region located between the notochord and endoderm. Although
the ICM is the site of primitive hematopoiesis, similar to the mammalian yolk sac,
it also contains a distinct population of cells that are thought to be progenitors of
definitive hematopoiesis (Al-Adhami, 1977; Detrich eta!., 1995). These cells are
confined to the posterior region of the ICM, where the expression of sci and gata2, but not gata-1 or globin, is detected at 24 hpf (Thompson et a!., 1998; Liao et

a!., 1998). The ICM contains cells with a proerythroblastic morphology that enter
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the circulation at 24 hpf (Detrich et al., I 995) and eventually undergo terminal
maturation and express several forms of embryonic globin (Brownlie et al., 1998).

The onset of definitive hematopoiesis is believed to occur after 96 hp:t; during
which time cells from the myeloid, lymphoid, and erythroid lineages are
generated. Interestingly, the initial site of definitive hematopoiesis in zebrafish is
also controversial. In situ hybridization studies in zebrafish show that c-myb is
expressed in the ventral wall of the dorsal aorta and the ventral tail as early as 48
hpf (Wiiiett et al., 1999; Thompson et al., 1998). These structures may be
analogous to the AGM region in mammals. By 96 hpf, hematopoietic cells can be
detected in the developing pronephros (head kidney), which remains the site of
definitive hematopoiesis in adult zebrafish. Zebrafish blood contains red cells,
granulocytes (Bennett et al., 2001; Hsu et al., 2001 ), lymphocytes (Wiiiett et al.,
1997), and thrombocytes (Jagadeeswaran et al., 1999).

Zebraflsh mutagenesis

One of the advantages of zebrafish is the feasibility of performing forward genetic
analysis. Forward and reverse genetic analyses are terms used to define two
different approaches for studying gene function. Forward genetic analysis is the
process of gene discovery starting with a mutant phenotype. In contrast, in reverse
genetic strategies, the function of a known gene is studied by inducing mutations
or alterations in that gene. The functions of several hematopoietic genes have
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been discovered as the results of gene targeting technology (reverse genetics) in
mice (Shivdasani eta!., 1995; Tsai eta!., 1994; Weiss et a!., 1994). In zebrafish,
the knockout technology has not been developed yet. However, there are various
strategies to induce mutations in zebrafish. Three techniques, gamma irradiation,
insertional mutagenesis, and chemical mutagenesis, have been used for this
purpose.

Chemical mutagenesis is the most efficient and widely used means of inducing
mutations in zebrafish. Such mutation screens have successfully been conducted
in a number of invertebrate model organisms, such as Drosophila and C. elegans
(Nusslein-Volhard and Wieschaus, 1980; Kemphues eta!., 1988). Two large-scale
genome wide chemical mutagenesis screens have generated hundreds of
mutations affecting the entire process of development and embryogenesis m
zebrafish (Driever and Solnica-Krezel et a!., 1996; Haffter et a!., 1996).
Characterization of these mutants and identification of their underlying genetic
and molecular abnormalities will greatly advance our understanding of
developmental pathways in vertebrates. The majority of available zebrafish
mutants have been isolated following these screens. Briefly, male zebrafish were
exposed to an alkylating agent, N-ethyl-N- nitrosourea (ENU), which causes
single-base mutations in the spermatogonia. Mutagenized males were mated with
wild-type females. The Fl families were then intercrossed to produce F2 families,
which were screened by random mating. The F3 embryos were examined
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microscopically from I dpf to 5dpf, and embryos with defects in organogenesis
were identified. More than 50 phenotypes with mutations affecting hematopoiesis
were isolated (Weinstein et a!., 1996). These blood mutants were further analyzed
and subsequently were categorized into several classes listed in Table I (Ransom
eta!., 1996; Paw and Zon, 2000). Molecular and cellular characterization of these
mutants will enhance our understanding of the process of hematopoiesis. The
genetic and molecular defects in several of the blood mutants have been
characterized through positional cloning techniques or by a candidate gene
approach.

Table I. Classification ofzebrafrsh blood mutants based on the embryonic phenotype.

CLASS
Mutations affecting
hematopoietic stem cells
Mutations affecting
committed progenitors
Mutations affecting
differentiation and
proliferation of
I progenitors
Mutations causing a
hypochromic anemia
Mutations causing
porphyria

GENE

MUTANT

cloche, bloodless

Not cloned

moonshine

Not cloned

retsina,
riesling
merlot, chablis cabernet,
frascati, thunderbird
weissherbst
sauternes
chianti, zinfandel, chardonnay,
yquem
dracula
freixenet, desmodius

Anion exchanger band 3
spectrin
protein 4.JR
Not cloned
ferroportin 1
0-aminolevu/inate synthase
Not cloned
Uroporphyrinogen decarboxylase
Ferochelatase
Not cloned

'
!

--

N
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Hematopoietic disorders in zebrafish mutants

Complementation analysis of blood mutants identified five groups of mutants
exhibiting embryonic hypochromic anemia. These mutants include sauternes
(sau), chardonnay (cha), weissherbst (weh), chianti (cia), and zinfandel (zin).

Molecular analysis showed that only the erythroid lineage is affected in these
mutants, which suggests that anemia may be due to defective iron metabolism,
globin gene expression, or heme biosynthesis.

The zebrafish sau mutant suffers from a microcytic, hypochromic anemia. Further
characterization of the mutants by Brownlie et a! (Brownlie et a!., 1998) revealed
the presence of immature circulating erythroid cells, along with abnormal
regulation and persistence of embryonic

Pa globin

and gatal expression.

Positional cloning experiments placed the mutation on linkage 8 and identified
that sau encodes the erythroid-specific isoform of li-aminolevulinate synthase
(ALAS2), a critical enzyme in the heme biosynthesis pathway. In humans,
mutations in ALAS2 cause sex-linked congenital sideroblastic.anemia with similar
characteristics to the sau phenotype. The zebrafish sau mutant represents the first
animal model of congenital sideroblastic anemia.

Another zebrafish mutant characterized by embryonic hypochromic anemia is
weissherbst (weh), whose defective gene was determined to be ferroportinl
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located on linkage group 9 (Donovan et a!., 2000). Ferroportinl is a multipletransmembrane domain protein whose function in zebrafish embryos is to
transport iron from the yolk sac to the circulation. weh. mutants exhibit no
abnormality in the number of circulating red cells up to 48 hpf; however, mutant
red cells have very little hemoglobin compared to wild-type cells. As the mutant
embryos develop, there is a progressive decrease in the number of circulating red
cells. At 96 hpf only 20% of red cells remain in circulation. Unlike other blood
mutants in which a small percentage of homozygous embryos survive and reach
adulthood, all homozygous weh embryos die in the first or second week of
development.

Positional cloning experiments identified the weh locus and

sequence analysis revealed a premature stop codon in one of the two alleles of
weh, suggesting that the mutant phenotype is due to a defect inferroportinl. In

zebrafish embryosferroportinlis expressed in the yolk syncytial layer, whereas in
adult fish ferroportinl is expressed in the intestine. In humans and mice
ferroportinl transcripts are detected in various tissues, suggesting it functions as a

basolateral iron transporter. In human placenta, ferroportinl transcripts are
detected on the basal side of syncytiotrophoblasts, which may function to
transport iron from the maternal to the embryonic circulation.

A group of four mutants have been identified based on photosensitivity or autofluorescent blood. These include mutants yquem (yqe), and dracula (drc), which
are characterized by defective enzymes in the heme biosynthesis pathways. The
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heterozygous mutants yqe can grow to adulthood and have no apparent
abnormalities; however, the homozygous embryos die due to photo-ablation of
their blood cells when exposed to light. Wang et a! (Wang et a!., 1998) used a
candidate gene approach and demonstrated that yqe encodes uroporphyrinogen
decarboxylase (UROD), a critical enzyme in the heme synthesis pathway.
Sequence analysis revealed a missense point mutation in UROD that reduces its
activity three-fold in homozygous embryos. Human UROD has been isolated and
mutations causing reduced activity of this enzyme have been identified in
porphyria patients. Zebrafish yqe is considered to be the first animal model of
human hepatoerythropoietic porphyria.

A similar approach was used to show that zebrafish dracula encodes
ferrochelatase, the final enzyme in the heme biosynthetic pathway. Childs et al
(Childs et a!., 2000) showed that mutant red cells are strongly fluorescent when
exposed to UV light using a rhodamine filter and undergo hemolysis within
minutes. The photosensitivity results in a severe anemia in fish that are raised
under ambient light conditions. In addition, mutant fish showed abnormal crystal
accumulations in their liver. Biochemical analysis showed accumulation of
protoporphyrin in the mutant embryos, suggesting defective ferrochelatase
activity. Molecular cloning of drc revealed a point mutation in a splice donor
sequence that caused a premature

termination codon. Similarly, human
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erythropoietic protoporphyria is caused by mutations in ferrochelatase, with
clinical symptoms resembling those of drc fish. Photosensitive red cells and liver
disease are common features in human porphyria.

Another group of zebrafish blood mutants have been characterized by the normal
onset of primitive hematopoiesis followed by a progressive decrease in the
number of circulating red blood cells at various stages of larval development.
Although these mutants were originally classified as a group with hematopoietic
differentiation and proliferation defects, subsequent characterization of these
mutants at the molecular level revealed abnormalities in the red cell cytoskeleton.
Therefore, it seems that the apparent arrest in the terminal maturation of red blood
cells is secondary to the defective membrane structure in these mutants, which
include retsina (ret), cabemet (cab), merlot (mot), and riesling (ris).

The mutant ris is characterized by a hemolytic anemia with abnormal red cell
morphology (Liao et a!., 2000). Hematological analysis of adult homozygous fish
showed a severe and partially cpmpensated hemolytic anemia. Liao et a! showed
that circulating red cells undergo apoptosis and have a defective microtubule
marginal band. Molecular analysis revealed a normal expression of hematopoietic
genes in ris embryos. Positional cloning of ris identified spectrin as the mutated
gene. Spectrin is a critical component of the membrane skeleton in red blood
cells. This protein, in association with actin filaments and other structural
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proteins, forms a protein network underlying the lipid membrane. Spectrin
deficiency in humans is associated with a group of red cell membrane disorders
called hereditary spherocytosis, which are characterized by reduced membrane
deformability and abnormal morphology.

Mutations in the erythroid cytoskeletal protein anion exchanger AEl (band 3)
have been detected in ret fish (Paw, 2001). The mutant fish is characterized by
normal embryonic erythropoiesis for the first 72 hours with the onset of severe
anemia at 96 hpf. The mutation is inherited as a recessive trait and is lethal.
However, a few homozygous embryos can survive to adulthood with extra care.
Hematological examination of peripheral blood from adult homozygotes revealed
maturation arrest at the late erythroblast stage and the presence of 40%
binucleated erythroid cells, which is similar to congenital dyserythropoietic
anemia type II in humans. The ret gene was mapped to linkage 3 and
subsequently was shown to encode the zebrafish erythroid anion exchanger 1
(band 3). Sequence analysis detected mutations in ret alleles, which result in a
prematUre stop codon in one of the alleles. In humans, mutations in band 3 are
also associated with a heterogeneous group of erythroid membrane disorders
including hereditary spherocytosis and congenital dyserythropoietic anemia.

Transgenic techniques have also been applied to generate mutant phenotypes to
study the normal function of novel hematopoietic genes. A zebrafish erythroid
\
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specific eDNA library was screened and a novel gene encoding a protein
containing a death domain was identified (Long et al., 2000). Further studies
showed that mRNA transcripts of the zebrafish hematopoietic death receptor (ZHDR) were restricted to the site of embryonic hematopoiesis, the intermediate cell
mass. A construct containing the gatal promoter and a dominant negative form of
ZH-DR lacking the death domain was used to generate germ-line stable
transgenic zebrafish. The transgenic fish developed normally, but showed
phenotypical abnormalities after 2-3 months.

Hematological and histological

examinations of homozygous transgenic fish revealed an increase in the number
of circulating red cells (polycythemia), increase of total hemoglobin, an erythroid
hyperplasia of kidneys (site of definitive hematopoiesis), and an accumulation of
excess red blood cells in the trunk muscles. The polycythemic phenotype of
transgenic fish is due to inhibition of the erythroid-specific pro-apoptotic receptor.
In humans, polycythemic patients suffer from similar symptoms. Although in
some cases mutations in erythropoietin are known to be the etiologic cause of
human polycythemia, the underlying molecular abnormalities are undefined in the
majority of patients.

Positional cloning and linkage analysis in zebrafish

The zebrafish haploid genome contains I.7 x I 09 base pairs of DNA that are
located on 25 chromosomes (Daga et al.; 1996). They are referred to as linkage
groups because of the difficulty distinguishing between chromosomes. The
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availability of hundreds of mutations that affect all stages of embryonic
development makes zebrafish a wonderful animal model for dissecting the genetic
and molecular regulation of vertebrate development. Extensive phenotypic
analysis, such as lineage tracing and cellular transplantation, can be used to study
the function of the mutated genes at the cellular level. However, in order to fully
understand the molecular mechanisms underlying the cellular functions of
zebrafish mutants, it is necessary to clone the mutated genes.

Three main approaches that have been applied for identification and isolation of
mutated genes in zebrafish are insertional mutagenesis, candidate gene testing,
and positional cloning. Insertional mutagenesis involves inducing mutations by
depositing cloned DNA within the genes, which can later be identified by inverse
PCR of the flanking DNA insert.

In candidate gene strategies a collection of cloned genes with defined functions
resembling that of the mutated gene is tested to determine if any of them are
linked to the mutant phenotype and if the mutants harbor mutations in the gene
(Postlethwait and Talbot, 1997). In this approach, the position of the gene is not
taken into consideration; however, some functional information regarding the
mutant phenotype is necessary. Several mutants have been characterized using
this strategy, such as paralyzed zebrafish mutant nicl (Sepich et a!., 1998),
zebrafish mutant yquem (Wang et a!., 1998), and the mutant no tail (Schulte-
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Merker et a!., 1994). With the advance of zebrafish genomic resources and an
increase in the number of cloned ESTs, this approach is becoming an effective
method to identify and isolate mutant genes.

Positional cloning is a multi-step process that enables the identification of
mutated genes on the basis of their chromosomal location, without prior
knowledge of the biochemical and molecular nature of the genes. Positional
cloning projects include: linkage analysis, physical mapping, and identification of
the mutated gene (Figure 1) (Talbot and Schier, 1999). The first step involves
genetic linkage mapping experiments to identify DNA markers that are linked to
the mutant locus. This is based on the genetic principle that loci that are in close
proximity co-segregate as a unit during meiosis. During meiosis, physical
crossover occurs at chiasmata between homologous chromosomes. In the absence
of crossing over, genes at different loci on the same chromosome segregate
together. However, meiotic crossover between homologous chromosomes
generates new combinations of alleles on a given chromosome. The percent
recombination between two loci is approximately proportional to their distance
from each other. That is, the closer the loci, the less recombination events occur
between them. As a convention, 1% recombination is called 1 centimorgan (eM),
which in zebrafish corresponds to about 650 kb (Postlethwait et a!., 1994).
Linkage mapping, therefore, defines which loci are linked together, meaning that
they are localized on the 'same chromosome. Linkage analysis is initiated by
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performing bulk segregant analysis (BSA) (Michelmore et a!., 1991), where the
genomic region harboring the mutated locus is saturated by polymorphic DNA
markers (Figure 2). Wild-type and mutant pools of genomic DNA are tested with
hundreds ofPCR-based markers, which will identifY the linked markers based on
their differential amplification between the two pools. Once linked markers are
identified, they are tested on individual embryos to confirm the linkage. At the
end of this step, the mutated locus is placed in a linkage group. Further analysis
with the markers flanking the mutated gene on a large panel of embryos will
determine the genetic distance of the lllutated locus to the markers.

Figure 1. The primary steps in a positional cloning experiment.

Positional cloning experiments involve identification of markers (shown as vertical green
bars) that are closely linked to the gene of interest (red vertical bar). Once markers are
identified, panels of genomic DNA libraries, such as BAC, PAC, or Y ACs, are screened
using the markers as probes to initiate the chromosome walk. The gene of interest then
can be identified from the genomic DNA.
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Figure 2. Schematic representation of bulk segregant analvsis

Mapping strains are generated by crossing heterozygous mutant fish (Tu +!-) with a
polymorphic strain (WIK +/-). Heterozygous Fl fish are identified and intercrossed to
obtain F2 embryos. DNA pools from phenotypically wild-type and mutant homozygous
F2 embryos are scored with Simple Sequence-Length Polymorphism (SSLP) markers.
Markers that are closely linked to the mutated gene are differentially amplified between
the two strains. These markers are then tested in individual embryos to determine their
genetic distance to the mutation.
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The second step of positional cloning is the physical mapping and isolation of the
genomic region identified by the linkage analysis. In zebrafish, this step involves
using the flanking markers to screen genomic libraries, and isolating clones
containing the mutated locus. This sequential process of chromosome walking
involves screening genomic libraries with the most proximal flanking markers to
identify the large genomic inserts, and aligning the obtained clones. New markers
are generated from the end of the clones to rescreen the genomic library.
Polymorphic markers are also generated and tested on the meiotic panel for
recombination to orient the direction of the walk.

This process is repeated until

the genomic insert containing the mutant locus is identified.

Three zebrafish large-insert genomic libraries, yeast artificial chromosomes,
bacterial artificial chromosomes, and P 1-derived artificial chromosomes, are
available for this task. Yeast artificial chromosome (YAC) vectors contain all of
the necessary elements for their mitotic propagation in yeast as linear artificial
chromosomes (Burke et al., 1987). These elements include a DNA replication
origin, a centromere, and telomere sequences. High molecular weight zebrafish
DNA is digested with EcoRI, ligated into both vector arms, and then transformed
into yeast cells. The advantage of the YAC system is its ability to carry very large
genomic DNA fragments of up to 470 kb (Zhong et al., 1998). However, YACs
are unstable, hard to work with, and have a high degree of insert recombination.
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Two other systems are BACs (Shizuya et aL, 1992) and PACs (Ioannou et aL,
1994), which are easier to work with compared to the YAC system. BAC is an
E. coli F-factor replicon containing a choloramphenicol resistance gene (Hosoda

et aL, 1990). PAC is a PI bacteriophage replicon and contains a kanamycin
resistance gene. Both vectors can propagate inserts up to 300 kb in size in E. coli,
and essentially can be handled as large plasmids. Zebrafish BAC and PAC
libraries are available and each contains inserts up to 90 and 115 kb, respectively.
Compared to the large size of genomic inserts in the Y AC system, a disadvantage
of BAC and PAC systems occurs when larger inserts are needed at the initial steps
of a chromosomal walk. Which of these systems to use is determined mainly by
the physical distance of the closest marker to the mutated locus and the personal
preference of the investigators.

The final step in a positional cloning project is isolation and identification of the
mutated gene from the genomic intervaL It is known that to ensure that the
genomic insert contains the mutated locus, one can attempt to partially rescue the
mutant phenotype by injecting genomic clones that contain the wild-type gene
(Yan et al., 1998). The most straightforward way to identify the coding sequences
from genomic regions is to screen eDNA libraries with the genomic clones (Del
Mastro and Lovett, 1997). Labeled genomic inserts are prehybridized with
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sheared genomic DNA and then hybridized with an appropriate eDNA library.
Positive clones are classified and analyzed by sequencing to identity the candidate
clones.

· There are criteria with which a candidate gene is evaluated for authenticity. First,
the expression pattern of the candidate gene is informative and can be used to
consider or eliminate the candidate for further testing. Second, the mutated allele
must harbor a mutation that would result in the observed phenotype. This could be
a mutation resulting in a premature stop codon or a missense mutation that alters
the function of the gene's product. As a final confirmation of the authenticity of
the candidate gene, RNA or DNA microinjecj;ion can be performed to rescue the
mutant phenotype. Although there are limitations in interpreting negative results,
clones that are able to rescue the mutant are considered very strong candidates for
the mutant locus.

Red cell membrane and protein 4.1

In order for red blood cells to flow through the microcirculation without
fragmentation and loss of membrane integrity, they must possess a remarkable
property called cellular deformability (Weed, 1970; Mohandas et a!., 1979),
which is determined by three elements: cytoplasmic viscosity, cellular geometry,
and the material property of the membrane (Mohandas and Chasis, 1993). The red
cell membrane is composed of a lipid bilayer, integral transmembrane proteins,
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and a network of structural proteins that form the membrane skeleton (Gallagher
et al., 1998). The major proteins of the membrane skeleton are

a&

~

spectrins,

actin, ankyrin, and protein 4.1. Interactions between these proteins form a protein
network (Liu et al., 1987) that is vertically attached to the lipid bilayer by binding
to the cytoplasmic domain of the integral membrane proteins band 3 and
glycophorin C (Figure 3). These protein interactions are known to be essential
determinants of red cell morphology, deformability, and mechanical stability
(Mohandas and Chasis, 1993). A vast body of clinical research points to the fact
that qualitative or quantitative disruption of these protein-protein interactions due
to mutations in the membrane proteins results in defective structure and function
of the red cell membrane, leading to congenital anemias (Bossi and Russo, 1996;
Palek and Sahr, 1992; Tse and Lux, )999; Palek, 1987).

Figure 3. Schematic representation o[the membrane skeletal network of mammalian
red blood cell membranes.

The plasma membrane of red blood cells is tightly anchored to the cytoskeleton. The
membrane skeleton underlies the lipid bilayer, and is formed by interactions of spectrin,
actin, P4.1, and p55. The spectrin-based network is anchored to the lipid bilayer through
two vertical connections: one involves interactions of spectrin-ankyrin-band 3, and the
other between glycophorin C-spectrin and band 4.1.
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Erythrocyte protein 4.J(band 4.1 or 4.1R) is a multifunctional structural protein in
the red cell membrane skeleton whose interaction with both transmembrane and
cytoskeletal proteins plays an indispensable role in maintaining red cell
morphology, membrane deformability, and mechanical stability (Yawata et al.,
1997; Conboy, 1993). Human protein 4.1 was first identified in the erythroid cell
membrane skeleton (Conboy and Kan et al., 1986), and contains four distinct
structural and functional domains with molecular weights of 30, 16, 10, and
22/24-kD (Leta and Marchesi, 1984). Through its spectrin-binding domain at the
10-kD domain (Correas et al., 1986), protein 4.1R accelerates and stabilizes the
interaction between spectrin and actin filaments (Ohanian et al., 1984). This
ternary complex is essential for maintaining the red cells' mechanical stability
(Lorenzo et al., 1994). Red cells that are completely deficient in 4.1R or lack the
spectrin-binding domain of 4.1R have abnormal elliptical cell morphology and a
fragile membrane (Tchernia et a!., 1981; Marchesi et a!., 1990). However, red
cells resume their normal membrane stability when reconstituted with purified
protein 4.1 (Takakuwa et al., 1986). Protein 4.1R also plays a critical role in
anchoring the spectrin-actin framework to the overlaying lipid membrane. Via its
N-terminal 30-kD membrane-binding domain, protein 4.1R interacts with the
cytoplasmic domains of membrane proteins band 3 (Pasternack et al., 1985),
glycophorin C (Hemming et a!., 1995; Marfatia et al., 1995), p55 (Chang and
Low, 2001; Alloisio et al., 1993; Nunomura et al., 2000), and CD44 (Nunomura
et al., 1997). Calmodulin also binds to this domain and modulates protein 4.1R
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interactions with its binding partners (Tanaka et a!., 1991; Lombardo and Low,
1994; Nunomura et a!., 2000). The presence of the evolutionarily conserved Nterminal membrane-binding domain (also called the FERM domain: 4.1-ezrinradixin-moesin) (Chishti et a!., 1998; Hoover and Bryant, 2000; Arpin et a!.,
1994) is a common feature of a diverse group of band 4.1-related proteins such as
4.1G, 4.1N, and 4.1B in vertebrates (Peters eta!., 1998), and the putative 4.1R
homologue in Drosophila, also known as coracle (Fehon eta!., 1994).

Human protein 4.1 R is mapped to chromosome 1 and exists only as a single copy
(Tang and Tang, 1991). Although the 80-kD isoform of 4.1R is the major
constituent of the cytoskeletal membrane in mature red cells, it is only one
member of the protein 4 .I R superfamily. lmmunochemical studies in different
tissues show numerous cross-reactive heterogeneous isoforms of protein 4.1 R that
are diverse in regards to their abundance, cellular localization, and molecular
weight (Anderson eta!., 1988; Tang eta!., 1990; Granger and Lazarides, 1984;
Granger and Lazarides, 1985). Protein 4.1R undergoes glycosylation (Holt eta!.,
1987) and has multiple sites of phosphorylation (Home eta!., 1985). The protein
kinase-mediated phosphorylation has been shown to modulate P4.1 binding to
spectrin (Eder et al., 1986; Ling et al., 1988) and band 3 (Danilov et al., 1990).
Extensive tissue and stage-specific alternative pre-mRNA splicing events regulate
protein 4.1R expression in nucleated erythroid and nonerythroid cells (Tang eta!.,
1990; Huang et a!., 1993).

Several pre-mRNA splicing events exhibit
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differentiation-associated switches during erythropoiesis (Chasis et al., 1993). In
nucleated erythroid precursors, early alternative mRNA splicing generates
upstream and downstream translation initiation sites, generating an elongated 135kD and the prototypic 80-kD isoforms ofP4.1, respectively (Chasis et al., 1996).
While both isoforms of P4.1R are expressed in erythroid precursors, only the 80kD isoform is present in terminally differentiated red cells (Gascard et al., 1998;
Conboy et al., 1991). Alternative mRNA splicing of the internal exons also
regulates protein 4.1R expression in erythroid cells by generating functionally
distinct isoforms of 4.1 R that differ in the primary amino acid sequence of their
functional domains. Studies have shown that immature erythroid precursors
express a 4.1R isoform lacking the spectrin-binding domain, whereas the exon
encoding this domain is inserted during red cell differentiation and is expressed in
reticulocytes (Winardi et al., 1995; Conboy et al., 1991; Chasis et al., 1993; Gee
et al., 2000; Leto et al, 1986). The dynamic expression of protein 4.1R isoforms
is indicative of the diverse roles that this multifunctional protein plays during
. erythroid differentiation.

Human mutations in erythroid specific-protein 4.1R generate two groups of
molecular abnormalities. The first group causes partial or complete deficiency of
P4.1 in red cells, whereas the second group disrupts the erythroid-specific
spectrin-binding domain of P4.1 (Lorenzo et al., 1994; Conboy et al., 1993;
Al1oisio et al., 1981; McGuire et al., 1988; Conboy et a!., 1986; Alloisio et al.,
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1982; Tchernia eta!., 1981). The pathological consequence of both defects is the
presence of mild to severe anemia known as hereditary elliptocytosis (HE).
Human red cells deficient in protein 4.1 R are characterized by abnormal elliptical
morphology, reduced red cell deformability, increased red cell membrane
fragmentation, and a disrupted membrane skeletal network (Tchernia et a!., 1981;
Yawata eta!., 1997). Recently, a mouse knockout of protein 4.1R was generated
to study the role of 4.1R in erythroid and nonerythroid cells (Shi et a!., 1999).
Protein 4.1 null homozygote mice are viable and suffer from a moderate
hemolytic anemia, with red blood cells exhibiting abnormal morphology and
increased membrane fragility.·

Although the process of erythropoiesis m mammals and nonmammalian
vertebrates is essentially the same, there are structural and morphological
differences between mature red cells. The erythroid precursors of nonmammalian
vertebrates, similar to their counterparts in mammals, are spherical and contain a
round nucleus with open chromatin and basophilic cytoplasm. On the other hand,
terminally differentiated and mature red cells of nonmammalian vertebrates are
nucleated and elliptical, while those of mammals are anucleated cells with
biconcave morphology. During differentiation, the cytoskeleton of red cells
undergoes extensive reorganization that results in their final morphology
(Wickrema eta!., 1994). The elliptical morphology of red cells ofnonmammalian
vertebrates is thought to be due to the structure of their cytoskeletal system,
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which, in addition to the membrane skeleton, contains intermediate filaments and
an enveloping layer of microtubules called the marginal band (Cohen, 1991;
Cohen et a!., 1998). The interaction between the marginal band and the protein
network of membrane skeleton has yet to be defined.

C. Rationale and specific aims

The process of maturation and terminal differentiation of erythroid cells is a
sequential event and is regulated by specific transcription factors. To survive and
function properly, red blood cells require structural stability and membrane
integrity. Much of our current understanding of hematopoiesis and the role of
regulatory elements involved in the proliferation, maintenance, and proper
function of cellular components of blood has come from gene targeting
experiments in mice. Although a powerful technique that can explicitly define the
function of a specific gene, gene targeting requires prior knowledge of the gene
structure. Investigating the identity of molecular lesions in naturally occurring
mutants also limits our access to a handful of models that by no means is
comprehensive.

Zebrafish serve as a robust genetic model that is amenable to forward genetic
screens in which an exhaustive number of genes can be mutagenized. These
screens have been instrumental in providing numerous genetic models to study
various aspects of hematopoiesis. The characterization of zebrafish blood mutants
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enhances our understanding of the complex process of hematopoiesis and may
lead to the discovery of novel genes that are critical for normal development.

One of the chemically induced mutations that affects erythroid proliferation and
maintenance is the merlot mutation, which is characterized by onset of a severe
anemia at 96 hours post fertilization (hpf). Our preliminary data demonstrated that
homozygous embryos appeared normal for the first 2-3 days. However, as the
embryos developed to 96 hpf, there was a significant decrease in the number of
circulating erythroid cells. Initial analysis of blood smears from 5 day-old wild
type and mutant embryos revealed that the red cells in mot were immature and
apoptotic. Almost all of the wild-type cells were mature embryonic erythrocytes.

Based on the presence of apoptotic erythroid cells that were not fully
differentiated, we hypothesized that the merlot mutation affected erythroid cell
proliferation and differentiation.

The specific aims of this study were:
1)

To characterize the hematological and genetic abnormalities of the zebrafish
mutant merlot.

2)

To identifY and clone the merlot gene using positional cloning techniques.

Materials and Methods
A.

Section A. Genetic mapping of the merlot gene

1. Zebrafish maintenance and collection of embryos
Zebrafish are maintained in a controlled environment at a room temperature of
28°C on a 14- hour-dark/10-hour-light cycle. The zebrafish are stored in 5 gallon
tanks, continuously supplied with filtered, reverse-osmosis HzO containing an
adequate amount of Instant Ocean™ salt (Aquaculture Supply) to yield a salinity
reading of 450-500 !J.S (referred to as fish water). The zebrafish are fed with
brine shrimp two times a day in the morning and evening and one time with
general flake fish food in the afternoon.

In the afternoon, male and female fish were set up for mating in breeding mouse
cages (Nalgene). Each cage contains a breeding trap and a divider (Aquaculture
Supply) to separate the male and female fish. In the morning, after the lights had
come on, the breeding traps (containing the separated fish) were placed into new
mouse cages containing fresh fish water. The dividers were removed, allowing
the fish to mate. Embryos were then collected and placed into separate containers
containing fresh fish water and incubated at 28°C for 20-24 hours. At 24 hpf the
embryos were transferred into 50 ml beakers. The fish water in the beakers was
replaced with 10-15 ml of diluted pronase solution (Sigma). Stock pronase
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solution was prepared by dissolving 30 mglml of pronase powder in ddH20,
which was then· self digested at 37°C for I hour and stored in I 0 ml aliquots at 20°C. For chorion removal, approximately I mglml pronase was made in either
fish water or Holtfreter's solution; (7.0 g NaCI, 0.4 g NaHC03, 0.2 g anhydrous
CaCh, 0.1 g KCI; dissolved in 2 L. ddH20 with 50 !J.l of concentrated HCl, final
pH of6.5-7.0; made fresh daily). As \he chorions began to drop off, the embryos
were gently washed 5-l 0 times with the Holtfreter' s solution to remove the
pronase and all remaining chorions. The embryos were then incubated at 28°C
and examined daily to monitor their blood. circulation and determine the onset of
anemia. At 96 hpf, embryos were anesthetized in fish water and 0.05% tricaine
(Sigma), and were examined microscopically for the presence of circulating blood
cells.

2. Identification of mutant fish
Both alleles of merlot, mol"275 , and motm303c were generated in a large-scale
chemical mutagenesis.

mol"275 was maintained on the Tiibingen background

(Tii), and motm303c was maintained on the standard AB background and was a gift
from L. Zon (Howard Hughes Medical Institute, Harvard University; Boston,
MA). Tiibingen is a wild-type strain used for mutant screens, and AB is the
original wild-type strain of zebrafish that is maintained to retain maximum
genetic polymorphism (Johnson and Zon, 1999). Embryos from the mating of
heterozygote males and females were collected, dechorionated, and monitored as
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described in the previous section. At 96 hpf, a drastic decrease in the number of
circulating red cells was observed in about 25% of the embryos in each batch,
consistent with an autosomal recessive mode of inheritance. The mating and
collection of embryos was repeated for each pair to confirm the genetic
background of each fish.

3. Hematological analysis

Embryonic blood was drawn by cutting the tail of the embryos in a PBS solution
containing tricaine, sodium citrate, and albumin. The blood cells were collected
using a pulled micro needle, and spun onto a glass slide at 750 rpm for 3 minutes
using a Cytospin-2 (Shandon, Pittsburgh, PA). Blood smears were stained with
Wright-Giemsa (Sigma), following the manufacturer's instruction. Smears were
examined with a lOOX oil immersion lens on a Zeiss Axioplan 2 microscope.

4. Analysis of hemoglobin expression

Hemoglobin expression in wild-type and mutant embryos was analyzed using odianisidine (Detrich et a!., 1995). In the presence of hydrogen peroxide, odianisidine forms a precipitate when exposed to the heme group of hemoglobin.
Therefore, the intensity of the color is directly proportional to the amount of
hemoglobin present in the embryos. Dechorionated embryos were stained in the
dark in a solution containing 0.6 mglml o-dianisidine, 0.65% H20 2• 0.01 M
sodium acetate (pH 4.5), and 40% (vol!vol) ethanol. After 10-15 minutes, the
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embryos were washed three times in PBS and fixed in 4% paraformaldehyde for
20 minutes. Stained embryos were examined and photographed using an Axiocam
digital camera mounted on a Zeiss AxioPlan 2 microscope using OpenLab
software.

5. Whole-mount RNA in situ hybridization with hematopoietic genes

Whole-mount in situ hybridization with digoxigenin-labeled RNA probes was
performed on wild-type and mutant embryos as described by Westerfield
(Westerfield, 1993). Wild-type and homozygous mutant embryos were collected
as described in section A- I, and were treated with pronase to remove their
chorions (described in section A-1 ). Dechorionated embryos were allowed to
develop either to 24 hpf, or to predetermined stages of I 0, I 5, or! 8 somites (only
wild-type). These embryos were used to analyze the temporal expression of
protein 4.1 transcripts. At each stage, embryos were collected and fixed overnight
at 4oc in 4% paraformaldehyde/PBS followed by washing and storage in
methanol at -2ooc. Prior to in situ hybridization, embryos were brought to room
temperature (RT) and rehydrated by washing in a series ofmethanol!PBST (75%
methanol in PBST ,50% methanol in PBST, 30% methanol in PBST) at RT for 5
minutes each, followed by two 5-minute washes at RT in PBST. The 24 hpf
embryos were next digested with I 0 Jlg/ml proteinase K {Boehringer Mannheim;
diluted in PBST) for 2-3 minutes. Digested embryos were washed at RT for 5
minutes with 2 mg/ml glycine in PBST followed by two 5-minute washes at RT in
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PBST. Embryos less than 24 hours of age were not digested. The embryos were
re-fixed in 4% paraformaldehyde/PBS at RT for 20 minutes, and then washed
twice in PBST for 5 minute at RT.
•

Wild-type and mutant embryos were

incubated for 5 minutes at 55oe in pre-hybridization solution (50% formamide,
5x SSe final concentration, and 0.1% Tween-20). This solution was replaced by
an equal volume of hybridization solution (50% formamide, 5x sse final
concentration, 0.1% Tween-20, 5 mgfml torula yeast RNA (Sigma), and 50 Jlgfml
heparin), and the embryos were incubated at 65°e for 4 hours.

Digoxigenin-labeled sense and anti-sense probes were generated with a Genius 4
RNA Labeling kit (Boehringer Mannheim), as directed by the manufacturer, using
T7 or Sp6 RNA polymerases (Promega) for in vitro transcription. Three
erythroid-specific genes were used for examination of embryonic erythropoiesis
in wild-type and mot embryos. The gata-1 probe was generated using a Xba I
linearized gata-1 construct and T7 RNA polymerase. cDNAs encoding for
embryonic globins were isolated from our blood-specific eDNA library. Briefly,
inserts were amplified by PeR using flanking vector primers containing T7 RNA
polymerase site. The PeR products were purified and used as templates to
generate probes. The construct for scl was a gift from L. Zoo. The construct was
linearized by Sa!I and T7 RNA polymerase was used to generate antisense probe.
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Probes were first incubated at 680C for 5 minutes to remove any secondary
structures that may have formed. Embryos were sorted based on probe treatment,
and the hybridization solution was replaced by 300 Jll of fresh hybridization
solution containing 300 ng of probe (I ng/Jll final concentration). The embryos
were incubated overnight at 600C.

The embryos were washed twice for 30

minutes at 50-650C in 50% formamide/2x SSCT final concentration (20x stock
SSC contains: 175.3 g NaCI, 88.2 g Na Citrate in I L 0.1% DEPC-treated water,
pH 7.0, SSCT includes 0.1% Tween-20), washed 15 minutes at 50-650C in 2x
SSCT, and then washed twice for 30 minutes at 50-650C in 0.2x SSCT. Embryos
were washed twice for 5 minutes at RT in MABT (100 mM maelic acid, 150 mM
. NaCI, pH 7.5, and 0.1% Tween-20) followed by a !-hour incubation at RT in
blocking solution (2% BM blocking reagent from Boehringer Mannheim and 10%
fetal bovine serum diluted in MABT).

Digoxigenin Fab-alkaline phosphatase

antibody (Boehringer Mannheim) was added at a dilution of 1:5000 in fresh
blocking solution. Embryos were gently incubated overnight at 4°C, with gentle
rocking. The embryos were washed for 30 minutes at RT in MABT containing
10% fetal bovine serum followed by three successive MABT washes for 45-60
minutes each. The embryos were washed three times for 5 minutes each at RT in
re-equilibration buffer (100 mM Tris, 100 mM NaCI, and 50 mM MgCI2, pH 9.5;
filter sterilized) containing 1.2 mg/ml freshly added levamisole (Sigma) as an
inhibitor of endogenous alkaline phosphatase. For staining, 1 ml of BM Purple
AP Substrate (Boehringer Mannheim) containing 1.2 mg/ml freshly added
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levamisole was added to the embryos. The embryos were then transferred to a
24-well tissue culture plate. The plate was wrapped in foil to protect from light
and staining was allowed to proceed for several hours. When the desired staining
was observed,. embryos were washed with. PBST and ·fixed in 4%
paraformaldehyde/PBS at 40C.

For microscopic observation, embryos were

dehydrated first in 50% and then in 100% methanol for 10 minutes each. A
solution containing 2 parts benzylbenzoate and one part benzyl alcohol (Sigma)
was added to the embryos to replace the methanol. Cleared embryos were
photographed as described in section A-4.

Section B. Phenotypical characterization of adult mutants
1. Hematological analysis

Adult fish were anesthetized m a solution of 0.1% tricaine (Sigma).

The

anesthetized fish were placed on a stage prepared from ··styrofoam that had a
groove cut in the middle of it to hold the fish. Under a Zeiss Stemi 2000
stereoscope, a pair of sharp scissors was used to make a longitudinal cut from the
gastrointestinal opening to the cardiac cavity of the fish, which exposed the
internal organs and the heart. Peripheral blood was drawn by cardiac puncture
using heparinized pulled micro needles. Blood cells were smeared on a glass
slide, air dried, and stained with Wright-Giemsa following the manufacturer's
protocol. The red blood cell count of wild-type and mutant adult fish was
determined manually. Exactly I J.ll of blood was resuspended mixed in 400 J.11 of
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PBS, 10 J.ll of the cell suspension was loaded onto a Neubauer hemocytometer,
and the number of red blood cells were counted using a 20X objective on a Zeiss
microscope. Hemoglobin was measured using Drabkin's reagent (Sigma). Exactly
2 J.ll of blood was suspended in 1 ml of Drab kin's reagent and incubated at room
temperature for 10 minutes. The optical density was then measured at a
wavelength of 540 nm using a Smart Spec 3000 spectrophotometer (Bio-Rad,
Hercules CA). Red blood cell indices (MCV, MCHC, and RDW) were
determined using a GE~S Coulter Counter (Miami, FL).

2. Gross anatomy, histological preparation, and detection of apoptotic cells
Mutant and wild-type fish were anesthetized and dissected. Kidney and spleen
from adult wild-type and mutant fish were dissected and either photographed or
suspended in 200 J.ll cold PBS, filtered through a nylon strainer, and spun onto a
glass slide as described above. The smear was stained with Wright-Giemsa as
described.

ApopTag In situ Apoptosis Detection kit (Intergen, NY) was used for detection of
apoptotic cells in peripheral blood, kidney, and spleen. The kit provides sensitive
detection of DNA fragmentation due to apoptosis at the single-cell level. In this
methodology, the 3 '-OH termini generated as a result of fragmentation are labeled
with digoxigenin-modified nucleotides by terminal deoxynucleotidyl transferase
(TdT). The digoxigenin-labeled DNA is detected using an anti-digoxigenin
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conjugate (Fluorescein), which exhibits green fluorescence. Blood cells and tissue
suspensions were prepared as before, fixed in I% fresh parafonnaldehyde, and
spun onto slides. Detection of apoptotic cells was performed as directed by the
manufacturer's protocol. Positive control slides were provided with the kit. For a
negative control, the addition of TdT enzyme was omitted on the positive control
slides. The slides prepared from wild-type and mutant fish were mounted and
examined under FITC and rhodamine filters. Using a 100x oil immersion
objective, 10 fields were scanned (about 1000 cells total), and the percentage of
apoptotic cells was calculated. For photography, separate pictures with FITC and
rhodamine filters were taken, which then were overlapped using Adobe
Photoshop 3 software.

3. Osmotic fragility

Freshly drawn blood from wild-type and homozygous adult fish was washed 3x in
0.9% NaCl and suspended in saline to approximately-10% packed cell volume.
5Jll of cell suspension was added to each 150Jll solutions that contained 0.900%,
0.800%, 0.700%, 0.600%, 0.500%, 0.475%, 0.450%, 0.425%, 0.400%, 0.300%,
and 0.200% ofNaCl (wt/vol). Cells were incubated at room temperature for 15
minutes, and then centrifuged for 3 minutes at 2000 rpm. Red cells were also
suspended in 150 Jll of ddHzO for a reference point for 100% hemolysis. The
optical density of the supernatant was measured at 540 nm with the
spectrophotometer. The percent hemolysis was calculated using the following
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equation:% hemolysis= (OD of supernatant/ OD of 100% hemolysis) xlOO. The
results were analyzed and plotted using GraphPad Prism version 3.00 for
Windows (GraphPad Software, San Diego, CA).

4. Electron microscopy

For scarming electron microscopy, blood was drawn from adult wild-type and
homozygous mutant fish, washed 3x in cold saline, and fixed on ice for 2 hours in
2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. Cells were rinsed
three times in cacodylate buffer for 5 minutes each, and then post fixed for one
hour in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer, pH 7.2. Blood
cells were washed three times in cacodylate buffer, and dehydrated in a graded
series of ethanol (30%, 50%, 7 5%, 90%, and I 00% for 5 minutes each). At this
point the samples were sent to the Center for Electron Microscopy (University of
Southern

California,

Los

Angeles),

where

the

cells

were

rinsed

in

hexamethyldisilazane, deposited onto glass cover slips, sputter coated with gold
and examined by a Cambridge 360 Scarming Electron Microscope. For
transmission electron microscopy, freshly drawn blood cells from wild-type and

mot fish were crosslinked and dehydrated as above, and sent to the Electron
Microscopy Core facility at the Brain Research Institute of University of
California at Los Angeles. The cells were embedded in Epon, and 60-nm-thick
sections were stained with uranyl acetate and lead citrate, and examined with a
JEOLJEM-IOOCX electron microscope (JEOL, Ltd. Tokyo, Japan).
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Section C. Genetic mapping of the merlot gene

1. Generation of mapping strain
A polymorphic mapping strain was generated by crossing a female heterozygote

mol"275 with a wild-type male from WIK strain (FO). The progeny from this cross
(Fl) were collected, reared to adulthood and intercrossed to identify the Tii!WIK
heterozygotes for the mot mutation. These heterozygotes were then used to initiate
positional cloning experiments.

2. Bulk segregant analysis (BSA) and isolation of linked markers
Embryos (F2) were collected from pair mating of Tii!WIK heterozygotes and
phenotyped at 96 hpffor anemia as described in section A-2. Embryos with wildtype and mutant phenotypes were separated and individually stored in 96-well
PCR plates (MJ Research, Waltham, MA). Genomic DNA extraction was
performed by adding 50

~I

of lysis buffer (10 mM Tris-HCI pH 8, 1.0 mM

EDTA, 0.3% NP40, 0.3% Tween 20) to individual embryos and incubating the
plate at 98°C for I 0 minutes. 5 ~I of 10 mglml proteinase K (Sigma, St Louis,
MO) was then added and the plates were incubated at 55°C over night. Proteinase
K was deactivated by incubating at 98°C for 10 minutes. PCR plates containing
genomic DNA were stored at -80°C. Bulk segregant analysis was performed on
pools of wild-type and mutant DNA. Each pool consisted of 2

~I

of genomic

DNA from 20 wild-type and 20 mutant embryos that was diluted I 00-fold. Simple
Sequence-Length Polymorphism (SSLP) markers (Knapik eta!., 1998) for bulk
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segregailt

analysis

were

selected

from

the

MGH

web

server

(http://zebrafish.mgh.harvard.edu) and purchased from Research Genetics
(Huntsville, AL). Initial mapping was performed with 166 pairs of. primers
(markers) on the diluted pool of wild-type and mutant DNA. The 25 Jll PCR
reaction contained 5 Jll pooled DNA, 0.3 units of Taq DNA polymerase (Fisher,
Pittsburgh, PA.), 10 mM Tris-HCl pH 8.4, 1.5 mM MgC]z, 0.001% gelatin, 0.1
mg/ml BSA, 100 JlM each dNTP, and lOOnM each forward and reverse primer.
PCR amplification was performed under the following conditions: 3 minutes at
94°C followed by 35 cycles of denaturation for 30 seconds at 94°C, annealing for
30 seconds at 55°C, extension for 30 seconds at 72°C, and a final 3-minute
incubation at 72°C. PCR products were analyzed by 2% agarose (I% Metaphor
agarose plus 1% regular agarose) in lx TBE buffer and stained with ethidium
bromide. The amplified PCR products for each primer were analyzed in a pairwise fashion (wild-type versus mutant) to identifY the linked markers.

3. Candidate gene and isolation of eDNA

In order to isolate P4.1 eDNA from wild-type and mutant fish, total RNA from
adult tissue (blood and kidney) and single, mutant (both alleles) embryos were
extracted by Trizol (Gibco-BRL, Rockville, MD) according to the manufacturers'
instructions. The first strand eDNA was synthesized using the SuperScript FirstStrand Synthesis System for RT-PCR (Gibco-BRL) following the manufacturer's
protocol. The oligo (dT) primed first strand eDNA was subjected to PCR
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amplification using the Expand Long Template PCR System, (Roche,
Indianapolis, IN) with a 5'- GATCATTGCCGGACATGTAAA forward primer
and a 5'-TGTAAGCGGGTGAAATAAGCT reverse primer. The 50 j.tl PCR
reaction contained 2 j.tl of first strand eDNA, 0.75 j.tl ofTaq DNA polymerase, 0.5
j.tM of each dNTP, 0.3 nM of each primer, 0.5 mM MgCh. and 5 j.tl of provided
buffer 3. PCR amplification was performed under the following conditions: 2
minutes at 94°C followed by 15 cycles of 15 seconds at 94°C, 30 seconds at 50°C,
4 minutes at 68 °C, followed by 20 additional cycles of 15 seconds at 94°C, 30
seconds at 50 °C, 4 minutes plus an additional 20 seconds per cycle at 68 °C, and a
final 7 minutes incubation at 68 °C. The PCR product was checked on a 0.8%
agarose gel and cloned into the PCR 2.1 TOPO-TA vector (Invitrogen, Carlsbad,
CA) according to the manufacturer's direction. This procedure is based on the fact
that Taq DNA polymerase has a non-template-dependent activity that adds a
single deoxyadenosine (A) to the 3' end of PCR products.

Thus, the PCR

products generated can be directly sub cloned into a vector with overhanging 3'
deoxythymidine (T) residues. The construct was transformed into TOPIO E. coli
cells that were supplied with the vector. The clone containing the construct was
identified and the plasmid DNA was prepared using a Wizard Plus Minipreps kit
(Promega) following the manufacturer's recommendations.
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Section D. Identification ofzebraf1Sh protein 4.1R

1. DNA sequence analysis
DNA sequence analysis was carried out in the Molecular Biology Core Facility of
Medical College of Georgia. For the mol"275 allele, a forward primer (PIO) 5'GTGACAACAGAGGAGATCCAA

and

a

reverse

pnmer

(P14)

5'-

AACACCTCAACAGCCGAACC were used to amplify a 630-nucleotide
fragment that contained the point mutation. For mot tmJOJc the forward primer PI 0
was used with a reverse primer (P4} 5'- CGATTCAGCCTTTTCTCTCTA to
amplify a I.4 kb fragment containing the point mutation. The PCR products were
purified using a Wizard PCR Preps DNA Purification System (Promega,
Madison, WI) and sequenced using the PCR primers. Several embryos were
analyzed to confirm the sequencing.

2. Linkage analysis via allele-specific PCR
Linkage analysis with allele-specific primers was used to confirm the iinkage of
the anemic phenotype to the genomic sequence. Genomic DNA was extracted
from 96 hpf mutant (mol" 275) and wild-type embryos as described in section A-3.
Genomic DNA from adult heterozygotes was extracted from caudal fin clippings.
Adult heterozygotes were anesthetized in a solution of 0. I% tricaine (Sigma), and
a piece of their caudal fin was cut using a pair of sharp scissors. The fin clippings
were placed in a 1.5 ml tube containing DNA extraction buffer (IO mM Tris pH
8.2, 10 mM EDTA, 200 mM NaCl, 0.5% SDS), and 200

~tg/ml

pronase added
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fresh, and then incubated at 55°C for 4-5 hours. The genomic DNA was then
extracted using phenol/ chloroform/isoamyl alcohol (25:24:1), precipitated with
3M sodium acetate, dried and resuspended in 1x TE (10 mM Tris-HCI, pH 8, I
mM

EDTA).

A

common

forward

pnmer,

(P10)

5'-

GTGACAACAGAGGAGATCCAA, was used with wild-type specific reverse
primer (WtR), 5'-ACCTCAACAGCTGGACCTCQ., or mol"275specific reverse
primer (MutR) 5'- ACCTCAACAGCTGGACCTCA,. (point mutation G to A is
underlined) to amplifY an approximately 550 bp fragment of genomic DNA. The
PCR conditions for a 25J.Ll-reaction volume were: 0.5J.Ll genomic DNA, 1J.Ll of
each primers (10 pmole), 0.5J.Ll of25 mM dNTPs, 0.5 J.Li ofTaq polymerase, 2.5J.Ll
of I Ox buffer ( 1 ml of 1Ox buffer is composed of 7 J.Ll Beta-mercaptoethanol, 670
J.Ll of 1M Tris pH 8.0, 166 J.Ll of 1 M ammonium sulfate, 85 J.Ll of lOmg/ml BSA,
20 J.Ll of 1M MgCiz, and 52 J.Ll of ddHzO), and 19 J.Ll of ddHzO. The PCR profile
used was: an initial incubation at 94°C for 3 minutes, followed by 30 cycles of
94°C for 30 seconds, 62°C for 30 seconds, and 72°C for 30 seconds. The PCR
conditions were optimized so that the primer pair P 10 and WtR only amplified
wild-type DNA whereas the primer pair P10 and MutR only amplified mutant
DNA. The PCR product of genomic DNA amplified with p10-MutR from one
homozygous mot was also sequenced using the P 10 primer as described in section
D-1.
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3. Southern blot analysis
Genomic DNA was extracted from adult wild-type and mutant fish. The fish were
euthanized in a concentrated tricaine solution, then wrapped in aluminum foil and
placed in the middle of a container full of dry ice for 30 minutes. The frozen fish
were then broken into pieces and incubated in 25 ml of DNA extraction buffer
(described in section B-2) at 55•c for 24 hours. DNA was extracted with 25 ml of
phenol/chloroform/isoamyl alcohol (25:24:1), and precipitated with 3M sodium
acetate. The dried DNA pellet was resuspended in 1mf of TE and its quality was
checked by an 0.8% agarose gel. 30 f.Lg of wild-type and mutant genomic DNA
was digested overnight with Kpnl, Pstl, Sac!, BamHI, and EcoRI. 20 f.Ll of each
digestion reaction were loaded onto a 0.8% agarose gel and run overnight at 25
volts. As a visual marker, 20 f.Llof a lkb DNA ladder were also loaded. For the
blot marker, a very diluted

(~1

ng) solution containing Fb70C02 (10 kb), the full-

length P4.1 eDNA (5kb), and an unlabeled probe (1.6kb) was also loaded onto the
gel. The gel was treated with 0.25 M HCl for 5-8 minutes with gentle shaking to
depurinate the DNA and increase the efficiency of blotting for large fragments of
DNA. Next, the DNA was denatured by soaking the gel for 2x30 minutes in
alkaline denaturing solution (3 M NaCl, 0.5 N NaOH) with gentle shaking. The
gel was then soaked for 10 minutes in alkaline transfer solution (3M NaCl, 8 mM
NaOH). A downward capillary transfer system was set up as follows: a stack of
paper towels was placed on the laboratory bench, and was overlaid by four pieces
of dry 3MM Whatman under two pieces of 3MM Whatman paper presoaked in
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alkaline transfer solution. A sheet of presoaked Biodyne B positively charged
nylon membrane (GIBCO-BRL) was placed on top of the wet 3MM Whatrnan
paper. The soaked gel was placed on top of the nylon membrane (face up), and
was overlaid with two pieces of presoaked 3MM Whatrnan paper. The entire
stack was covered with 2 large pieces of Saran Wrap that had a precut window the
same size as the 3MM Whatrnan filter papers. Two containers were filled with
200 ml of transfer buffer and placed near the two sides of the staked unit. A
large, long piece of3MM Whitman filter paper was used as a wick and placed on
top of the gel with its ends in the transfer buffer containers. A light glass plate
was placed on top of the stack and the transfer was allowed to proceed for 1 hour.
The membrane was then neutralized in 50 ml of 0.2 M sodium phosphate buffer,
placed between sheets of dry Whatman paper and baked at sooc for 2 hours.

A 1.6 kb DNA fragment of zebrafish P4.JR eDNA (from -97 to 1575 bp) was
amplified by PCR, using the Fb70C02 construct as a DNA template. The PCR
products were purified with a Wizard PCR Preps DNA Purification System
(Promega) and eluted in 50 J.ll of ddH20. The probe was labeled with [a32p]
dCTP using a Random Primed DNA Labeling kit (Boehringer Mannheirn) as
directed by the manufacturer. Radiolabeled probes were purified from
unincorporated [a-32p] dCTP using Quick Spin G-50 Sephadex columns
(Boehringer Mannheim) as directed by the manufacturer.

52
Hybridization was performed using PerfectHyb™ Plus buffer (Sigma). The dried
membrane was pre-hybridized in PerfectHyb buffer for 5 minutes at 68°C. The
labeled probe was denatured at 100°C for 10 minutes, and then chilled quickly on
ice for 2 minutes. To 3 m1 PerfectHyb Plus buffer, 30 f.ll of denatured probe (3.8
x106 cpm) was added, and the hybridization was performed for 2.5 hours at 68°C.
The membrane was then washed with 2x SSC/0.1% SDS once for 5 minutes at
RT, followed by 0.5x SSC/0.1% SDS twice for 20 minutes at 68°C, and finally in
0.1x SSC/0.1% SDS once for 30 minutes at RT. Blots were then washed once in
2xSSC to remove the SDS, wrapped in Saran Wrap and exposed to either
Phosphorimager screens (Molecular Dynamics), or X-ray film (Kodak). X-ray
films were exposed with an intensifYing screen for 48 hours at -8ooc before being
processed.

4. Whole-mount RNA in situ hybridization
A fragment of zebrafish P4.1R eDNA (from -97 to 1575 bp) was amplified by
PCR as described in section D-3, and subcloned into PCRII vector (Invitrogen)
following the manufacturer's protocol for ligation and transformation. This vector
contains both SP6 and T7 promoters that allow in vitro transcription of both sense
and antisense RNA. This construct was used as a template for generating labeled
riboprobe. The construct was-linearized by Not! and transcribed using SP6 RNA
polymerase (Promega) to generate antisense probe. The full-length eDNA clone,
Fb70c02, was also used as a template for probe synthesis. The construct was
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digested by Kpnl and the RNA probe spanning the 3 'UTR and poly-A tail was
synthesized using SP6 RNA polymerase. Wild-type and mot embryos were
collected as described in section A-1, and were subjected to in situ analysis as
described in section A-5. For temporal analysis of P4.1 expression, 10-, 15-, and
·18-somite embryos were tested with gatal, globin, and P4.1 probes.

Section E. Partial rescue of mutant embryos
1. Construction of P4.1/GFP fusion vector

A zebrafish protein 4.1R-GFP fusion construct was generated by RT-PCR. A
vector, pEGFP-N3 (Clontech), containing a CMV promoter and an enhanced
green fluorescent protein (EGFP) coding sequence flanking the multiple cloning
site (MCS) and an SV40 poly (At sequence followed by a. Stu! site for
linearization was used to generate the pCMV- P4.1/GFP construct. The forward
primer rescF, 5'- AAGCTTCCCGCTTTTGCAGATCA, contained a Hindlll
restriction site at its 5'end and corresponded to -70 bp at the 5' untranslated
regton

of

P4.1

eDNA.

The

reverse

primer

rescR,

5'-

GGTACCTCGAGCAAATATTTCT, contained a Kpnl restriction site at its 5'
end and corresponded to a sequence 3' to and through the stop codon and
contained a single base change (underlined) that altered the stop codon. The PCR
product was cloned in frame into the GFP expression vector pEGFP-N3
(Clontech) digested with Kpnl and HindiiL The rescue construct was transformed
into competent cells (DH5ci™, Gibco-BRL) as follows: 50 J.ll competent cells
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plus 1-5 Jll ofligation reaction were incubated on ice for 30 minutes, heat shocked
at 420C for 20 seconds, placed immediately on ice for 2 minutes, and after the
addition of 800 j.tl Luria-Bertani (LB) medium (DIFCO Laboratories), incubated
at 37oc with shaking for I hour followed by plating onto LB agar plates
containing 30 Jlg/ml kanamycin. Once the correct clone was identified, the
integrity of the P4.1/GFP construct was confirmed by restriction mapping and
sequencing. The construct was linearized by Stul and resuspended in 0.1 M KCl
at a concentration of 200 ng/Jll.

2. Microinjection of the rescue construct
On the day prior to injection, several pairs of mol"275 homozygous male and
female fish were prepared for mating as·described in Section A-1. On the day of
injection, embryos were collected and dechorionated as described in Section A-1.
In preparation for injection, microinjection plates were filled with fresh
Holtfreter' s solution. Dechorionated embryos were transferred into the groove of
the microinjection plate using a Pasteur pipette. Approximately 50 embryos were
lined up in the groove of ihe plate.

With the use of a micromanipulator to

position the needle in the cytoplasm, single-cell embryos were injected by gently
pushing the

syringe plunger.

The

injected DNA normally occupied

approximately Ill 0 the volume of the cell as observed under a stereomicroscope.
Injected embryos, as well as noninjected control embryos, were transferred to
several petri dishes containing fresh Holtfreter's solution and incubated at 28°C.
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Embryos were allowed to develop to the shield stage, and then dead and deformed
embryos were removed. Healthy injected embryos were viewed and photographed
using an FITC filter on a Zeiss Axioplan 2 microscope with an AttoArc 2
microscope illuminator (HBOlOOw) equipped with an Axiocam digital camera
(Carl Zeiss). Images were analyzed and manipulated using Photoshop 6.0
software. The embryos then were allowed to develop till 96 hpf, when they were
phenotyped and stained with o-dianisidine as described in section A-4.

RESULTS

Characterization of mot embryos

Both recessive alleles of mot mutant were recovered in a large-scale screen of
END-induced mutagenesis (Weinstein eta!., 1996; Haffier eta!., 1996). The mot
phenotype is characterized by the onset of a severe anemia at 96 hpf.
Homozygous embryos develop normally for the first 2-3 days, but as they reach
4-days old, there is a significant decrease in the number of circulating erythroid
cells (Figure 4A), accompanied by ·a visible excretion of bile pigments. This is
evident as a yellow-orange stripe in the gastrointestinal tract of the embryos and is
suggestive of an accelerated erythroid hemolysis (Figure 4B).

Analysis of Wright-Giemsa stained embryonic blood at 48 hpf showed marked
morphological differences between wild-type and mutant red cells (Figure 4C).
Wild-type erythroid cells are spherical with basophilic cytoplasm and a round
nucleus with open chromatin. Examination of mot blood smears revealed the
presence of morphologically abnormal cells with spiculated membranes, as well
as binucleated cells. After 96 hpf, wild-type blood cells essentially conform to the
mature

elliptical

erythroid morphology
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with a

condensed nucleus

and
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hemoglobin-filled cytoplasm. At this stage, some mutant embryos have only 50I 00 circulating blood cells, compared to approximately 2000-4000 circulating red
cells in wild-type embryos. Wright-Giemsa stained pooled cells from several
embryos revealed undifferentiated cells with pyknotic nuclei, little cytoplasm, and
abnormal membrane projections (data not shown).

Figure 4. Characterization o[the embryonic phenotype in mot fish.
(A) Whole-mount o-dianisidine staining of wild-type and mot embryos; (top) at 48 hpf
wild-type and mot embryos have a similar number of blood cells; (bottom) at 96hpf mot
embryos lack circulating blood cells in the cardiac sinus (arrow). (B) After the onset of
anemia, excretion of bile pigments in mot embryos was noticeable in the intestinal tract
(arrow) and continued for several days. (C) Wright-Giemsa staining of circulating red
cells collected at 48 hpf from wild-type and mot embryos revealed the presence of cells
with abnormal morphology in the mot embryos. Wild-type cells are spherical with round,
open nuclei, but mot contained binucleated cells (arrow), and morphologically abnormal
cells with condensed nuclei and spiculated membranes.
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In order to further examme the effect of the mot mutation on primitive
erythropoiesis, we performed whole-mount in situ hybridization on 24 hpf wildtype and mot/mot fish. We used sci, gatal, and embryonic globins as markers of
hematopoietic stem cells, and early and terminally differentiated red blood cells,
respectively. The results, illustrated in Figure 5, revealed a normal expression
level of these genes in mot fish. These observations suggest that the process of
primitive erythropoiesis is uninterrupted in mot embryos and that the anemia is
due to accelerated hemolysis of abnormal cells.

Figure 5. Expression of hematopoietic genes in wild-tvpe and mot embryos.
Whole mount RNA in situ hybridization of wild-type and mot embryos with the
hematopoietic genes sci, gatal, and globin revealed a comparable level of transcript
expression in wild-type and mot embryos at 24 hpf, indicating that erythropoiesis in mot
fish is not interrupted. Lateral views with anterior to the left and dorsal to the top.
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Hematological and pathological analysis of adult mot fiSh

About 5-l 0% of homozygous mutant embryos could be raised to adulthood with
proper feeding and oxygenated water. Except for some growth retardation and
pale coloration, homozygous mutant adult fish were otherwise indistinguishable
from their wild-type siblings. However, cardiomegaly (enlarged cardiac chamber)
was observed in most adult fish, predominantly in males. Analysis of peripheral
blood from adult homozygous mutant fish showed evidence of severe anemia.
Red blood cell count and hemoglobin levels were significantly decreased in mot
(-/-) fish (Table II). Despite a 75% reduction in the number of red cells and an
87% reduction in hemoglobin concentration, adult mot (-/-) fish were active and
exhibited normal fish behavior. Reduced mean cell volume (MCV), increased red
cell distribution width (RDW), and increased mean cell hemoglobin concentration
(MCHC) were indicative of microcytosis, anisocytosis, and dehydration with a
loss of membrane surface area in mot red blood cells, respectively. Analysis of
stained blood smears confirmed the results of the automated hematology analyzer,
showing marked microcytosis (red cells that are smaller than normal) and
poikilocytosis (red cells with bizarre morphology). Examination of mot/mot
peripheral blood revealed cells that exhibited differentiation arrest at the
basophilic erythroblast stage with severe abnormal membrane morphology
(Figure 6A). About I% of cells were also binucleated in the peripheral blood of
mot/mot fish, whereas in wild-type no binucleated cells were observed (data not

shown). When adult mot/mot fish were dissected (Figure 7), prominent features
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included an

enlarged

gall

bladder

and spleen, ·as well as an, increased

concentration of bilirubin in the internal organs (liver, GI tract). Hypercellular and
enlarged kidneys (the site of definitiv!l hematopoiesis in adult fish) were also
observed in homozygous fish, resulting from a compensatory mechanism for
excess hemolysis and reduced survival of erythroid cells. Examination of stained
kidney smears revealed a marked decrease in the myeloid/erythroid ratio in mot
mutants (Figure 6B), indicating that the process of erythropoiesis was not
disturbed. Evidence of membrane abnormalities was also noted in a few
proerythroblasts, indicating that abnormal membrane structure may have an
impact in the early stages of erythroid differentiation.

The data indicate that mot fish suffer from a severe and partially compensated
hemolytic anemia with symptoms similar to hemolytic anemia in humans. The
enlarged gall bladder is especially intriguing because such enlargement usually
occurs in humans in many cases of hereditary anemia due to obstructive bilirubin
gallstones.
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Table II: Hematological parameters of wild-type and mot homozygous frsh.

GENOTYPE

WILD-TYPE

mot/mot

RBC (106/J.ll)

2.9

0.72

Hemoglobin (OD540 =)

0.108

0.014

MCV(fl)

116.2

97.2

MCHC(g/dl)

46.8

53.3

RDW(%)

6.8

13.8

Figure 6. Hematological analysis ofthe adult mot fish.
(A) Wild-type red blood cells were terminally differentiated with elliptical morphology,
condensed nuclei, and hemoglobin filled cytoplasm. Blood cells collected from adult mot
fish exhibited a maturation arrest at the late basophilic erythroblast stage, and striking
membrane abnormalities. (B) Wright-Giemsa staining of tissue preparation of the wildtype and mutant fish kidneys revealed an erythroid hyperproliferation in the· mot fish with
a drastically decreased myeloid/erythroid ratio. Few cells at the early proerythroblast
stage also showed membrane spiculation. (C) Mean cell volume histograph of red blood
cells of wild-type and mutant fish as measured by an automated Coulter GenS instrument
showed that wild-type cells had a uniformly distributed volume whereas mot cells were
smaller with a significant variation in their size.
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Figure 7. Pathological effect ofmot mutation and gross anatomy of adult mot fish.
Dilated cardiac chambers due to the anemia were observed in the mot adult males. We
dissected the adult mutant fish to examine the pathological consequences of the severe
anemia in the internal organs. The liver in the mutant fish was grossly icteric because of
the synthesis of high levels of catabolic bypro ducts of the heme, which is released due to
the accelerated hemolysis of red cells. The enlarged· kidneys of the mutant fish were
results of the compensatory response to the hypoxia and anemia. The spleen in the mutant
fish were enlarged several fold compared to that in the wild type. Zebrafish spleen has no
hematopoietic function, and the enlarged spleen is due to accelerated sequestration of
abnormal red cells.
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Although in humans increased osmotic fragility is characteristic of hereditary
spherocytosis, we hypothesized that since the membrane structure of red blood
cells in mot fish is abnormal, as seen on peripheral blood smears, the osmotic
fragility test may be informative. Our results indicated that mot cells were, indeed,
profoundly susceptible to osmotic stress (Figure 8). The salt concentration in
which 50% of wild-type cells undergo hemolysis is significantly lower (0.425%)
compared to mutant cells (0. 700%). This means that mot cells are considerably
more fragile in hypotonic solutions. We concluded that increased fragility in mot
cells is due to fragmentation an4 loss of redundant membrane that alters the
surface area to volume ratio of red blood cells and renders the cells less capable of
distension in hypotonic solution.

Figure 8. Osmotic tragility ofthe wild-type and mot red cells.
The osmotic fragility test is a simple, yet sensitive test for the detection of cells with
altered tolerance to osmotically induced stress. Red cells of five wild-type and three
mutant fish were subjected to the osmotic fragility test (+/- standard error of the mean).
Wild-type cells exhibited a sigmoid curve when exposed to hypotonic solutions. The red
cells from mot fish were extremely sensitive to the osmotic stress and showed an
increased fragility.
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TUNEL assay and scanning electron microscopy
It has been shown that the destruction of nucleated erythroid progenitors is
mediated by apoptosis and is accompanied by DNA fragmentation (Orkin and
Weiss, 1999; Liao eta!., 2000). In order to investigate the role of protein 4.1 in
the survival of erythroid progenitors, we performed a TdT-mediated dUTP nickend labeling (TUNEL) assay. The result of TUNEL staining showed evidence of
apoptosis in the kidneys

(approximately 5%) and to a lesser degree in the

peripheral blood (about I%) of merlot fish (Figure 9). In wild-type fish, we did
not detect any apoptotic cells in the peripheral blood, and in the kidneys less than
1% of the cells were apoptotic. The increased apoptosis in erythroid progenitors
in the kidneys suggests that the membrane lesion in mot cells is an early event
during erythroid differentiation. The peripheral blood of mot fish contained
slightly but significantly more apoptotic cells than the wild type. Although
splenomegaly was a prominent feature in merlot, we did not detect a significant
difference in the number of apoptotic cells between wild-type and mutant fish in
the spleen (data not shoWn). This was not unexpected since sequestration of
abnormal cells in the spleen is a phagocytic-mediated phenomenon and may not
be detected by our methodology.

Figure 9. Apoptosis in the peripheral blood and the kidnev preparation of mot fish.

Fluorescence confocal TUNEL assay revealed a low level of apoptosis in the peripheral
blood collected from wild-type and mot fish. fu contrast, a large number of apoptotic cells
(green) were detected in the kidney of mot fish. The presence of apoptotic cells in the
kidneys was indicative of the critical role of protein 4.1 in the process of erythroid
maturation.
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In order to study the ultrastructural membrane abnormalities in mot cells, we
performed scanning (SEM) and transmission electron microscopic (TEM)
analysis. Figure 10 illustrates the results of SEM and TEM. Examination of red
cells with SEM revealed that wild-type cells have an elliptical morphology with
smooth membranes, whereas mot cells are spherical, microcytic, and have
profound membrane abnormalities such as surface pitting and membrane
projections (Figure lOA). Upon analysis of blood cell cross sections with
transmission EM, we observed a severe loss of the cortical membrane
organization and integrity in mutant cells (Figure 1OB,C). The results of the
'

.

ultrastructural analysis were consistent with our previous observations of stained
blood smears and confirmed our hypothesis that abnormal morphology and
fragmentation of mot cells is due to loss of membrane integrity, organization, and
stability.

Figure 10. Ultrastructural analvsis o[the red cell membrane.

(A) Scanning electron micrograph at 5000x magnification showed the elliptical
morphology and biconcavity of the wild-type cells (Bar = 2.5).Lm). Red cells from the
mot fish appeared microspherocytic, with abnormal membrane pitting and. projections.

Extensive membrane fragmentation was also noticeable in the mot cells (red arrow,
magnification x2000). (B, C) Transmission EM analysis revealed elliptical wild-type
cells with elongated nuclei and compact, organized cortical membrane. The spherical
mot cells with spiculated membrane lack sharply packed and organized cortical

membrane. Magnification of figure 20B was 5000x, and figure 20C was 29000x.
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Linkage analysis of mot gene

In order to gain further insight into the molecular abnormalities underlying the

mot phenotype, we initiated positional cloning experiments to identity the mot

gene. Bulk segregant analysis was carried out as described in Materials and
Methods. Genomic DNA from wild-type and mutant embryos (20 each) was
pooled and tested with Simple Sequence-Length Polymorphism (SSLP) markers.
The advantage of SSLP markers is that they can be used on a diploid genome and
their PCR product is scorable on agarose gel. Linked markers were detected by
their differential PCR amplifications between wild-type and mutant pools. When
PCR products were run on the gel, these markers amplified two bands in the wildtype pool, whereas only one band was present in the mutant pool. Linkage was
also assumed when the mutant bands had a size shift compared to wild-type.
Several putative linked markers were identified in the initial round of bulk
segregant analysis and retested. Once the linked markers were identified, they
were tested on DNA extracted from 20 individual wild-type and mutant embryos
to confirm the linkage. Each of these primers was then used to score I 00 mutant
embryos to determine which one was more closely linked to the mutation. The
genetic distance of the markers to the mutated locus was calculated by the percent
recombination demonstrated. The closer the marker to the locus, the less the
percentage of recombination. Referring to the MGH web server, new primers
flanking the linked markers were ordered and tested in the same fashion to
identifY the closest markers flanking the mutated locus. A mapping panel of 300

73
(600 meiosis) mutant embryos was scored with three markers, z25218, z 10036,
and z25278 and their genetic distances from the mutated locus were calculated
(Figure 11 ).

The result of bulk segregant analysis on the pooled DNA showed that the SSLP
marker, z3114, was linked to the mot locus. This marker was then tested with
DNA extracted from single embryos to confirm the linkage. Based on these
results, the mot gene was mapped on linkage 16. New SSLP markers were
ordered and tested in the same manner. One SSLP marker, z25218, was identified
as closely linked to the mutation. Through further testing using SSLP markers
that flanked the mutated locus, we positioned the locus of mot to a proximity
(0.97 eM) of the SSLP marker, z25218, and more than 1 eM from z25278. Since
the available polymorphic markers flanked a rather long locus, chromosomal
walking was not practical and we decided to approach the problem by examining
cloned ESTs.

Figure 11.

A representation of PCR products of the SSLP marker r25118 in

individual wild-tvpe and mutant embryos.
A mapping panel of 300 mutant embryos was tested with the SSLP marker z25218,
which was determined to be about 1cM from the mot locus. Lanes 1-16 are DNA from
homozygous mot embryos, lanes 17-19 are DNA from phenotypically wild-type embryos.
In this gel, the embryo #5 is a recombinant.
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Candidate gene and eDNA selection
Based on phenotypical, hematological, and molecular analysis of the zebrafish
mot, we hypothesized that the defect in the mot gene is intrinsic to red cells, and

that mot is a structural component of the erythroid cell membrane. Based on this
hypothesis and results of linkage analysis experiments, we searched the available
cloned and mapped EST databases for potential candidate genes.

Currently, there are several projects at various research centers that are involved
in sequencing the zebrafish genome and developing zebrafish genetic maps. One
of these resources, WashU-Zebrafish Genome Project, is involved in developing
ESTs and mapping them on the zebrafish genetic maps. Referring to their web
site, http://zfish.wustl.edu/, we searched cloned ESTs that were mapped in the
proximity of the mot locus. The sequence of each EST was then extensively
searched using BLAST (http://www.ncbi.nlm.nih.gov/BLAST) for homology to
known genes.

Single wild-type and mutant embryos were genotyped with SSLP markers
z25218, zl0036, and z25278, and the genetic interval defined by them was
searched for cloned ESTs (WUZGR, http://zfish.wustl.edu). Two EST clones,
Fc37c08 and Fb70c02, were identified as potential candidate genes and were
purchased from Incyte Genomics Inc (St. Louis, MO). These ESTs contained
eDNA fragments cloned into Not! and Sal! sites of the pSportl vector (BRL).
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Restriction digest and sequence analysis determined that Fc37c08 was a partial
clone of2 kb and Fb70c02 was a full-length 5 kb sequence ofthe eDNA encoding
for a protein .that was determined to be homologous to human erythroid protein
4.1.

DNA sequencing and molecular analysis of the candidate gene

Both clones were sequenced first using the SP6 and T7 vector sequences (all
sequencing performed in this study was done by the Molecular Biology Core
Facility, Medical College of Georgia, Augusta, GA). New sequencing primers
were designed (Table III) using the PrimerSelect application of DNA Star
software (DNASTAR Inc. Madison, WI). The sequences obtained from these
primers were analyzed and assembled into a single contiguous sequence of 5 kb
using the SeqMan software (DNA Star).
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Table III. The sequence ofprimers used for sequencing the candidate gene.

PRIMER

SEQUENCE 5'---3'

Fl

GATCATTGCCGGACATGTAAA

P2R

GCTGAAGACATAACAAGATA

PSR

GCTGAAAATCTCGCACAAAC

P7R

GCCAAAAGCTGCAGGAGTAT

P8R

CGGAGAGTCTGGAAATTATG

PI OR

GTGACAACAGAGGAGATCCAA

P12R

GGAGGACGACTGGTTTATCA

P4F

CGATCAGCCTTTTCTCTCTA

P3F

CCTCTGACACGGCTGCTCTT

Seq!

GCCCGAAATCATCTTTGACC

Fc37F

TGTAAGCGGGTGAAATAAGCT
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In order to verify the authenticity of the candidate gene, the candidate gene should
meet several criteria. First, the candidate gene should harbor mutations that could
explain the mutant phenotype. Second, the candidate gene should be expressed in
a relevant tissue. And finally, the candidate gene should be able to rescue the
mutant phenotype if injected into mutant embryos.

RT-PCR was performed to isolate P4.1 eDNA from wild-type and mutant blood
cells as described in Materials and Methods, section C-2 (Figure 12). The cloned
cDNAs were sequentially sequenced using the primers listed in Table II.
Sequence analysis revealed two independent nonsense point mutations in both
alleles. To confirm the mutation, RT-PCR on total RNA extracted from 24 hpf
mutant embryos was performed as described in Materials and Methods, section D1. DNA sequence analysis from wild-type and both mol"275 and mot"" 303c alleles
revealed nonsense point mutations in the mot gene causing

premature stop

codons that would cause a truncated protein 4.1. In mol"275 we detected a C-to-T
transition, which caused a premature termination codon at +2349 nucleotides,
while in mot""303c a G- to-A transition caused a premature termination codon at
+3036 nucleotides {Figure 13). Both mutations occured in a GC rich region of the
eDNA, and are upstream from the spectrin-binding domain (SBD) of P4.1R,
generating a truncated and dysfunctional protein that lacks the SBD. We repeated
the RT-PCR and sequencing on several mutant embryos from different batches to
confirm our results. In order to determine if the point mutation is linked to the
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mutant phenotype, we performed linkage analysis by allele-specific PCR on
genomic DNA extracted from heterozygous adults, wild-type embryos, and
mol"275 embryos. PCR analysis of 100 embryos did not show any recombination,
indicating a close linkage between the point mutation in 4.1 R and mol"275
phenotype. A representation of the PCR products is shown in Figure 14. DNA
sequencing of the amplified genomic fragment from homozygous mot fish also
confirmed the point mutation at the genomic level.

Figure 12. RT-PCR of protein 4.1 eDNA trom wild-tvpe and mutant blood cells.
Total RNA was isolated from the peripheral blood of adult wild-type aud mutant fish,
and was subjected to RT-PCR using P4.1 primers. The 5-kb tninscripts of protein 4.1
were amplified aud cloned into a plasmid vector for sequencing. As au internal control to
detect au endogenous zebrafish gene, 10 pmol of Eft a primers (Sense)
TACGCCTGGGTGTTGGACAAA,

aud

5'-

(antisense)

TCTTCTTGATGTATCCGCTGAC was included in the RT-PCR reaction.

5'-
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Figure 13. Identification o(protein 4.JR as the mutated gene in mot.

eDNA sequence comparison of wild-type and both alleles of mot detected two nonsense
point mutations in the moi alleles (point mutations are underlined). Both mutations
created premature stop codons, which resulted in a truncated and dysfunctional protein
4.1. The DNA sequence of motm303 c and its corresponding wild-type sequence shown
here are in the 3 'to 5' orientation.
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Figure 14. Linkage analvsis with allele-specific PCR primers.

Analysis of the genomic DNA from wild-type (laues 1-4), heterozygous (lanes 5-8), and
mot (laues 9-12) fish via allele-specific PCR primers (as described in Materials aud

Methods, section B-2) showed a complete linkage of the mutation in the mot gene with
the anemic phenotype. The wild-type primer, top, amplifies wild-type and heterozygous
DNA, whereas the mutant primer, bottom, amplifies DNA from heterozygous aud mot
embryos.
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In order to examine the spatial expression pattern of P4.1R in the zebrafish
embryos, we used P4.1 riboprobes generated as described in section D-4 to
perform whole-mount in situ hybridization. The results revealed that mot gene
expression is erythroid-specific and restricted to the intermediate cell mass
(Figure 15). Mutant fish showed a drastically decreased level of P4.1 R transcript,
which is most likely due to nonsense mediated mRNA decay (Culbertson, 1999;
Ruiz-Echevarria eta!., 1998).

To determine the time point at which the expression of protein 4.1 is first
detected, we analyzed 10- to 18-somite embryos with gata1, globin, and P4.1
probes. Temporal analysis of the expression of these hematopoietic genes
revealed that protein 4.1 transcripts are first detected at the IS-somite stage,
shortly after the expression of globin has been initiated (Figure 16). At the ISsomite stage, the expression of protein 4.1 is strongly detected along two stripes
oflateral mesoderm, which later fuse to become the intermediate cell mass (ICM).

Figure 15. Spatial expression pattern o(protein 4.1 in zebrafish embryos.

The cloned FB70C02 was used to generate a riboprobe to examine the spatial expression
of Protein 4.1 by whole-mount RNA in situ hybridization as described in Materials and
Methods. The results revealed an expression pattern restricted to the hematopoietic
intermediate cell mass. Wild-type 24 hpf embryos exhibited high-level expression of the
P4.1 transcript, whereas the level of transcript expression was greatly reduced in mot

embryos most likely due to degradation of the mutated mRNA.
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Figure 16. Temporal expression o(protein 4.1R in wild-tvpe embryos.
Wild-type embryos at the 10-, 15-, and 18-somite stage were subjected to whole-mount
RNA in situ hybridization with P4.1R and the hematopoietic specific genes gatal and

globin riboprobes as described in Materials and Methods. gatal expression was detected
very early during embryonic development. As early as the I 0-somite stage, gatal
expression was strongly detected in the ICM. The expression of globin was first detected
at about the 10-somite stage. ICM-restricted expression of Protein 4.1 transcripts was
detected first at about the 15-somite stage. Lateral views are shown with anterior to the
left and dorsal to the top.
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Disease-causing mutations are grouped into two categories: those that produce a
considerable change in gene structure, and those with minimal alteration in the
gene structure. During the cloning and sequencing <if protein 4.1 eDNA, we
performed a restriction mapping and Southern blot hybridization to determine if
the mutation in P4.1 had caused any changes in genomic organization. Genomic
DNA from wild-type and mot '" 275 were digested with restriction enzymes, blotted,
and probed with a radiolabeled 1.6 kb fragment of P4.1 eDNA (Figure 17).
Through this analysis no abnormal bands were detected, arguing against gross
genomic rearrangement of the mot gene.

Figure 17. Southern blot analvsis o(protein 4.1.

Wild-type and mot genomic DNA were digested with the indicated restriction enzymes
and analyzed on Southern blot using a 1.6 kb fragment from P4.1 eDNA as probe. Pairwise comparison of the detected genomic fragments from wild-type and homozygous
mutant fish did not identify any genomic rearrangement of the mot locus.
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Zebrafish protein 4.1

The cloned protein 4.1 eDNA contains multiple open reading frames the longest
of these contains 4604 nucleotides and encodes a 1535 amino-acid protein with a
calculated molecular weight of 180 kD. It is an acidic protein with an isoelectric
pH of 4.96. The deduced amino-acid sequence of zebrafish P4.1R derived from
the nucleotide sequence was subjected to a homology search using the BLAST
program at NCBL The zebrafish protein 4.1 was found to be homologous to
erythroid isoforms of protein 4.1R in humans, mice, and Xenopus. Amino-acid
sequence comparison of zebrafish P4.1R to human P4.1R showed an identity of
58% (73% similarity) in theN-terminal FERM domain and a 41% identity (54%
similarity) in the SBD (Figure 18A,B). The high degree of sequence similarity in
the membrane and spectrin binding domains, along with the erythroid-restricted
expression pattern of the zebrafish protein, is indicative of a functional
conservation ofP4.1R in zebrafish.

Zebrafish protein 4.1 structural domains include anN-terminal membrane binding
domain of 330 amino acids, approximately 1000 amino acids with a novel
sequence, the spectrin binding domain of I 00 amino acids, followed by 22 amino
acids at the C-terminus. The organization of structural domains of zebrafish
protein 4.1 is different from those of mammalian protein 4.1 (Figure 18,0). In
mammalian 4.1R, there is a short 16kD domain that is flanked by the FERM
domain and the spectrin-binding domain. In zebrafish 4.1 R, this domain is

89
composed of approximately 1000 amino acids. We searched various databases for
known homology to this region, but it appeared that this was a novel sequence
with no known homologous sequence. One interesting aspect of this domain is the
presence of a sequence of about 80 amino acids that repeats four times in a
tandem fashion starting at position 787 and ending at 1105 (data not shown). A
BLAST search did not detect any known peptides with significant homology with
this domain.

Figure 18.

Amino-acid alignment and schematic structure of human and zebrafish

protein 4.1R.
(A, B) The BLAST application was used to perform a pair-wise amino-acid alignment of
protein 4.1 of human (H 4.1R) and zebrafish (ZF 4.1R). The results showed a high degree
of homology between the 30 kD membrane binding domains and the spectrin binding
domains. (C, D) A schematic drawing of the four major functional domains of human
protein 4.1 and their corresponding regions in the zebrafish P4.1 R demonstrates the novel
organization of zebrafish protein 4.1. Instead of the short 16 kD domain, the zebrafish
P4.1R contains a significantly larger domain of about 1000 amino acids. The analogous
domains are colored similarly.
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We used ExPASY proteomics tools (http://ca.expasy.org/) to analyze zebrafish
P4.1 R for conserved domains and prediction of protein-sorting signals and
localization sites. The results revealed the presence of several putative
phosphorylation and glycosylation sites along with several bipartite nuclear
localization signals. Comparison, alignment, and phylogenetic analysis of the
deduced amino-acid sequences of zebrafish, human, mouse, Xenopus, and
Drosophila P4.1R proteins revealed an evoiutionary conservation of the PERM

domain in these proteins (Figure 19).

Figure 19. Amino-acid alignment and phylogenetic tree o(P4.1R familv members.
(A) Alignment of the conserved FERM domain in P4.1R proteins from: zebrafish,
human, mouse, Xenopus and Drosophila (Dm coracle). Shaded blocks indicate similar
and identical amino acids. (B) A phylogenetic tree of the protein P4.1R amino-acid
sequences reveals an evolutionary conservation between members of the P4.1R
superfamily. Numerical value indicates phylogenetic distance(= sum (residue distance)+
(gaps x gaps penalty) + (gap residue x gap length penalty)). The MegAlign application in
DNAStar software was used for alignment and construction of the phylogenetic tree.
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P4.1-GFP construct and transgenic rescue

As a final confirmation that protein 4.1 R is the mutated gene in mot, transgenic
rescue experiments were performed. As described in Materials and Methods,
section E-1, we generated a GFP fusion construct by cloning the wild-type
zebrafisb P4.1R eDNA. into a pEGFP-N3 expression vector (Figure 20). The
construct was then injected into mutant embryos collected from mating mottu275
bomozygotes. At 24 and 48 bpf, the expression of GFP was examined by an
FITC filter (Figure 21A). It bas been shown that microinjection of DNA
constructs generates mosaic FO transgenic embryos, due to uneven distribution of
plasmid constructs in the embryonic cells (Wang et al., 1998; Liao et al., 1998) .
. Injected and control mutant embryos were allowed to grow for 96 hours. At that
time, all uninjected embryos showed signs of anemia, whereas partial rescue of
the anemia was observed in approximately 10% of the injected embryos. The
frequency of the partial phenotypic rescue was comparable to other experiments
using similar constructs (Brownlie et a!, 1998; Donovan et al, 2000). 0dianisidine staining showed that hemoglobin expression was considerably greater
in the rescued embryos than in the uninjected controls (Figure 21B). These results
confrrmed that protein 4.1 R is the mutated gene responsible for the mot
phenotype.

Figure 20. Strategv used to create a P4.1/GFP construct.
(A) Vector map of pEGFP-N3 that was used to generate a P4.1/GFP fusion construct.
EGFP ·contains a mutation that results in a more intense fluorescence than wild-type GFP.
Fusion protein is expressed under the control of the early promoter of human
cytomegalovirus (CMV).

(B) Fusion of the P4.1 coding sequence into the MCS of

pEGFP-N3. The insert was cloned in frame using an introduced 5' Hindlll site and a 3'

Kpnlsite.

94

A

pEGFP/N
4.7kb

B

Hindi//

Figure 21. The expression affusion P4.1/EGFP protein and transgenic rescue ofmot
embryos.
(A) At the one-cell stage, homozygote mot embryos were injected with a plasmid DNA
construct that drives the expression of P4.1R coding sequence fused to EGFP under the
control of CMV promoter. Microscopic analysis of the injected embryos at 8 hpf (sphere
stage) showed the mosaic GFP expression in embryos. (B) At 96 hpf, whole-mount odianisidine staining showed mot embryos that were injected with P4.1RIEGFP construct
were partially rescued and had higher numbers of circulating red cells compared to mot
controls.
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DISCUSSION
The zebrafish merlot mutant and congenital anemia
In this work we characterized the phenotype of the zebrafish merlot mutant and

showed that mot fish suffer from a severe congenital hemolytic anemia due to the
loss of red cell membrane deformability and integrity. We used genetic mapping
and a candidate gene approach to demonstrate that mot encodes the erythroidspecific isoform of protein 4.1R, a critical component of the red blood cell
membrane skeleton. Allele-specific PCR analysis and rescue experiments
provided additional confirmation that the molecular defect in protein 4.1 R is the
underlying cause of the anemic phenotype in mot fish. Sequence analysis of 4.1R
eDNA from both alleles of mot revealed two different nonsense point mutations
resulting in premature stop codons at amino acids 784 and 1012, respectively.
Both mutations occur upstream of the critical spectrin-binding domain of 4.1R,
rendering the translated protein 4.1R dysfunctional. However, severely reduced
levels of 4.1 R transcripts, as detected by whole-mount RNA in situ hybridization
on mot embryos, implies that mutant 4.1R transcripts are subjected to RNA
surveillance and degraded due to nonsense-mediated RNA decay (Frischmeyer
and Dietz, 1999; Culbertson, 1999; Ruiz-Echevarria eta!., 1998). As a result, it is
highly likely that no protein 4.1R is translated in the mutant cells, and therefore,
both alleles of mot repesent 4.1R null phenotypes.
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Although hereditary elliptocytosis due to dysfunctional protein 4.1 R or its
absence has been reported in mammals, this work is the first report in a nonmammalian vertebrate animal model. Hereditary elliptocytosis (HE) due to
dysfunctional protein 4.1R has been characterized in dogs (Conboy eta!., 1991).
Recently, protein 4.1 knockout mice were generated to study the effect of 4.1
deficiency in red blood cells and nucleated cells. There are numerous cases of HE
in humans due to lack of or dysfunctional protein 4.1. The molecular, and
pathological symptoms in the zebrafish mot are similar to hereditary elliptocytosis
in mice and humans in several regards. The molecular abnormality underlying
HE is due to mutations in protein 4.1 that result in either complete abrogation of
the expression of the protein or generation of dysfunctional protein. In both alleles
of mot, mutations cause truncations in protein 4.1, which result in the generation
of a dysfunctional protein. Mutated forms of protein 4.1 that lack the spectrin
binding domain are unable to stabilize the spectrin-actin heteromers that are
essential for the mechanical stability of red blood cells (Lorenzo et a!., 1994). An
abnormal elliptical morphology of red cells is characteristic in mammalian HE.
The morphological differences between normal red blood cells in zebrafish and
mammals do not permit a direct correlation of the abnormal morphology of mot
cells to the elliptical morphology observed in mammalian HE. However, the
morphological abnormalities seen in mot support the essential function of protein
4.1 in maintaining the stability and integrity of the erythroid membrane
cytoskeleton.
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Manual and automated analysis of peripheral blood from adult homozygous mot
fish revealed severe microcytic anemia, profoundly abnormal red cell
morphology, and increased red cell osmotic fragility. Human HE is characterized
by a decrease in red cell deformability that results in red cell fragmentation
(Silveira et a!., 1997).

Analysis of Wright-Giemsa stained peripheral blood

showed abnormal membrane spiculation of mot cells. We confirmed these
observations by scanning electron microscopy, which showed extensive
fragmentation of erythroid cells. Increased MCHC in mot cells is indicative of a
loss of membrane due to membrane vesiculation and fragmentation, which alters
the ratio of red cell surface area to volume. The cellular compensation for this
imbalance is dehydration and loss of volume (Waugh and Sarelius, 1996; Silveira
et al., 1997).The end result is increased cellular viscosity, decreased cellular
deformability, and increased osmotic fragility. Unlike in mice, the spleen in
zebrafish does not have any hematopoietic function. Therefore, the enlarged
spleen in adult mot is primarily due to increased sequestration of abnormal red
cells. The kidneys of mot fish are enlarged several fold. The microscopic analysis
of the kidney sections from adult mot homozygotes showed -that there is a
profound erythroid hyperplasia in the kidneys, which is a compensatory response
to the anemia and hypoxia. This observation is indicative of a functional
erythropoiesis despite protein 4.1 R deficiency in erythroid progenitors.

99

Novel structure of zebraflsh protein 4.1
Using linkage analysis and candidate gene strategies, we identified and cloned
zebrafish protein 4.1. Using whole mount RNA in situ hybridization, we showed
that the spatial expression pattern of mot coincides with those of known
hematopoietic specific genes such as sci, gata-1, and globins. Zebrafish P4.1R
transcripts are first detected at the 15-somite stage in the ICM, shortly after globin
expression begins at the 12 somite stage. These experiments confirmed that mot is
an erythroid-specific isoform of protein 4.1.

Zebrafish protein 4.1 is distinct from mammalian P4.1 in several regards.
Zebrafish P4.1 is composed of 1535 amino acids, which is significantly larger
than any other reported isoforms of protein 4.1. The 120 kD mammalian isoforms
of P4.1R include an additional 209 amino acids at the N-terminal of the 80-kD
isoform. In zebrafish, the additional amino acids are primarily located between
the membrane and the spectrin binding domains, whereas in mammals this region
is composed of only 80-100 amino acids. The primary sequence of this domain is
different between humans and other animals. Despite the differences in the
amino-acid composition, there are some similarities between these two regions.
The function of the 16kD domain in mammalian P4.1 is not understood yet. But
it contains serine residues that are phosphorylated by PKA and PKC (Horne et a!.,
1985; Horne et a!., 1990). This region in the zebrafish P4.1 contains novel
sequences, and its function remains undefined. There are, however, some
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observations that might define a role for this domain. This region contains several
cAMP dependent protein kinase phosphorylation sites and PKC phosphorylation
sites. The phosphorylation of these sites possibly affects the interaction of protein
4.1 with other cytoskeletal proteins. These interactions are specifically critical for
reorganization of the red cell membrane during erythroid maturation. Zebrafish
P4.1 also contains 3 nuclear bipartite .targeting sequences
that are located in the
.
corresponding 16kD region. Considering the presence of binucleated and
differentially arrested red cells in the mot fish, there is grounds for speculation
that zebrafish P4.1 may interact with the nuclear skeleton to cross link the
· membrane to the signal transduction pathways. In mammalian nucleated cells, the
isoforrns of 4.1R are detected in nuclear skeleton (Krauss et a!., 1997a) and
centrosomes during the interphase (Krauss eta!., 1997b). Protein 4.1R isoforrns
interact with the nuclear mitotic apparatus during mitosis and associate with
cytoplasmic proteins, which are essential for mitotic spindle pole stabilization
(Mattagajasingh eta!., 1999). Protein 4.1R also directly associates with eukaryotic
translation initiation factor 3 (eiF3), which indicates a possible interaction
between the cytoskeletal network and the translation apparatus (Hou et al., 2000).
Further research is required to determine the exact function of zebrafish protein
4.1 in the nucleus of the erythroid cells.
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Role of protein 4.1 in erythroid morphogenesis

Terminal maturation of mammalian erythroid cells involves the development of
anucleated erythrocytes from nucleated proerythroblasts and is associated with
dynamic changes in the membrane and cytoskeletal organization and composition
(Woods and Lazarides, 1988; Bennett, 1985; Wickrema et al., 1994; Woods et al.,
1986). The correlation between abnormal red cell morphology and genetic defects
in membrane skeleton proteins are well established (Delaunay et al., 1996; Davies
and Lux, 1989; Palek, 1987; Mohandas and Gascard, 1999). In non-mammalian
vertebrates, terminal maturation entails the genesis of ellipsoid nucleated red cells
from their spheroid precursors. Extensive in vitro analysis ofthe red cells of nonmammalian vertebrates shows that their elliptical morphology is partly due to the
presence of the marginal band of microtubules (Winckler and Solomon, 1991;
Cohen et al., 1998; Cohen, 1991). However, due to the lack of a genetic model to
analyze and elucidate the morphogenic mechanism of vertebrate red cells in vivo,
the extent and nature of interactions between the marginal band and other
cytoskeletal proteins and their possible role in erythroid maturation and
morphogenesis is not defined. Examination of hereditary spherocytosis in
zebrafish riesling due to defective erythroid

~

spectrin (Liao et al., 2000),

profound abnormal morphology of mot cells due to protein 4.1R deficiency, along
with evidence of the interaction of the marginal band with ERM proteins and Factin (Correas et al., 1986; Birgbauer and Solomon, 1989), provides strong
evidence that multifunctional protein elements of the membrane skeleton that
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form multi-protein complexes, such as protein 4.1, are the key components to
determine and sustain the nucleated red cell morphology.

Protein 4.1 and apoptosis of red blood cells

Mutant mot embryos are characterized by a normal onset of primitive
hematopoiesis followed by a severe decrease in the number of red cells at 96 hpf.
Why does erythroid destruction occur on day 4, and not earlier or later? We
speculate two possibilities that may explain the timing of red cell hemolysis. The
first hypothesis is in regards to the development of the spleen during embryonic
development. We do not know at what stage of embryonic organogenesis the
spleen is formed. It is possible that the spleen is func_tional by 96 hpf, at which
point the sequestration of abnormal red cells is initiated. Since the mot cells are
defective in membrane deformability, they cannot endure the spleen's harsh
environment and undergo hemolysis. The spleen's removal of abnormal cells is
observed in the mutant adult fish. Unlike in mice, the spleen in zebrafish does not
have any hematopoietic function. Therefore, the enlarged spleen in adult mot is
primarily due to increased sequestration of abnormal red cells.

The removal of abnormal cells by the spleen, however, does not fully explain the
presence of differentially arrested red cells in the circulation and apoptotic cells in
the kidneys. Another approach to account for these observations is based on the
process of terminal maturation of red blood cells, which iii zebrafish might
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reqmre the cytoskeletal assembly of protein 4.1. Wright-Giemsa staining of
embryonic blood collected at 48, 72, and 96 hpf revealed evidence of erythroid
membrane abnormalities throughout the development. Between 72 and 96 hpf, the
zebrafish embryonic erythroid cells have completed the process of terminal
maturation and morphologically resemble the red blood cells in adult fish. These
functional cells remain in the circulation until after the onset of definitive
hematopoiesis, at which point they are removed from circulation. These
observations suggest that it takes 2-3 days for the immature red cells to become
fully differentiated. In the mot embryos, it seems that red cells lacking protein 4.1
are unable to complete the erythroid maturation and therefore undergo premature
destruction or hemolysis at 96 hpf.

Microscopic examination of blood smears from adult mot fish also showed
abnormal red cells that are differentially arrested. We propose two hypotheses that
may explain these findings. Icteric internal organs and the enlarged spleen in adult

mot fish are indicative of a severe extravascular hemolysis As discussed earlier,
the process of terminal maturation of erythroid cells, both in mammals and nonmammalian vertebrates, involves obvious morphological changes that are due to
extensive reorganization of membrane cytoskeleton. The assembly of protein 4.1
into the membrane cytoskeleton occurs late during erythroid maturation (Woods
and Lazarides, 1988; Wickrema et al., 1994; Koury et al., 2002; Migliaccio and
Migliaccio, 1998). Since normal function and survival of circulating mature red
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cells depend on their cellular deformability and structural integrity (Weed, 1970),
the more mature red cells with accumulated membrane lesions are selectively
sequestered by the spleen. This results in a left shift in erythroid maturation,
which is seen as a maturation arrest in the peripheral blood. Another hypothesis is
the arrest in erythroid maturation may be related to ineffective erythropoiesis.
Cytological examination of the kidneys revealed a profound erythroid
hyperplasia. However, the number of immature erythroid progenitors was much
higher than more mature cells, suggestive of a maturation arrest and ineffective
erythropoiesis. The presence of apoptotic erythroid cells in the kidneys of mot fish
is consistent with recent data describing the correlation of apoptosis of erythroid
progenitors and ineffective erythropoiesis in several human anemias (Pootrakul et
a!., 2000; Mathias eta!., 2000). Further studies may provide insights into the role
of protein 4.1 R in maturation of erythroid cells in zebrafish.

SUMMARY

The availability of chemically induced mutations that affect different aspects of
hematopoiesis is one of the advantages of using zebrafish as a vertebrate model to study
the genetics and the molecular biology of hematopoiesis. The zebrafish merlot (mot) is a
member of a group of mutants that have normal onset of primitive hematopoiesis
followed by a decrease in the number of circulating red blood cells at the subsequent
stages of larval development. Whole mount RNA in situ hybridization revealed that the
process of primitive erythropoiesis is not interrupted in ·the mot embryos. Automated and
manual blood analysis demonstrated that mot suffers from a severe congenital hemolytic
anemia .characterized by anisocytosis, poikilocytosis, increased osmotic fragility, and
abnormal red blood cell morphology. The phenotypic analysis of merlot indicated severe
hemolysis of mutant red blood cells that was consistent with cardiomegaly,
splenomegaly, elevated bilirubin level, and erythroid hyperplasia in the kidneys. We
performed T-dt mediated dUTP nick-end labeling (TUNEL) assay and detected the
presence of apoptotic erythroid progenitors in the kidneys. We performed electron
microscopic analysis and demonstrated that the mot red blood cells have profound
membrane abnormalities such as surface pitting and membrane projections, and exhibit a
severe loss of the cortical membrane organization and integrity. We used positional
cloning techniques with a candidate gene approach to demonstrate that mot encodes the
erythroid-specific isoform of protein 4.1R, a critical component of the red blood cell
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membrane skeleton. Sequence analysis of 4.1R eDNA from botb alleles of mot revealed
two different nonsense point mutations resulting in premature stop codons. We used
allele-specific PCR to perform linkage analysis, which confirmed tbat the protein 4.1
mutation was linked to tbe mot anemic phenotype. Transgenic rescue experiments using a
construct encoding wild-type P4.1R fused to the green fluorescent protein provided
additional confirmation tbat tbe molecular defect in protein 4.1R is the underlying cause
of tbe anemic phenotype in mot fish. This study presents the zebrafish mutant merlot as
tbe first characterized non-mammalian vertebrate model of congenital anemia due to a
defect in protein 4.1R integrity. The zebrafish mutant merlot provides an excellent animal
model to further explore the role of protein 4.1 R in morphogenesis and terminal
maturation of nucleated red blood cells.
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APPENDIX I

The zebrafish mutants chablis and merlot are allelic and encode the same genetic
defect in p_rotein 4.1.
Another mutation that was classified with mer/at in the same group of blood
mutants is chablis (cha). An independent study in Dr. Len Zon's laboratory
(Howard Hughes Medical Institute, Boston, MA) showed that the gross physical
features of cha adults were identical to those observed for other zebrafish mutants
with severe anemia. Examination of the peripheral blood smear revealed both
quantitative and qualitative defects with differentiation arrest at the late
erythroblast stage. Enlarged and hypercellular kidney and spleen were notable in

cha adults, consistent with reactive hematopoiesis. Independently from our study
the cha locus was mapped on linkage 16 near SSLP markers zll376 and zl3511,
which allowed the identification of a candidate EST, Fb70c02, within this genetic
interval. Analysis of 3 'UTR sequences from EST Fb70c02 was not informative
for meiotic mapping; therefore, a PAC clone, 215:Jl6, for the corresponding
genomic region was isolated. Polymorphic SSCP primers from this PAC clone
demonstrated no genetic recombinants out of 127 informative cha1" 242e animals.
Sequence analysis of both cha mutant alleles revealed the identical nonsense
mutation as mot!"275 , namely a C-to-T transition at nucleotide +2349, resulting in
premature translational termination.
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To confirm that the protein 4.1 mutation was linked to the cha phenotype,
individual embryos from a cha heterozygous mating were sorted by anemic
phenotype and genotyped by allele-specific oligonucleotide hybridization. Pairwise mating between mot and cha heterozygous fish failed to complement the
anemic phenotype, confirming that mot and cha have the same genetic defect in
protein 4.1R. The mot and cha mutations were originally thought to be different
based on genetic non-complementation data; however, the finding that mot and
cha are allelic and encode the same genetic defect most likely reflects an error in
the previous complementation data.

An alternative possibility for the same

mutation for both cha alleles and mol"275 would be mutability "hot spot" of this
locus.

