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Introduction 
Genetic diseases can be both inherited and acquired. In particular, most of 

the inherited diseases belong to the category called “ orphan diseases” (

Strynatka et al., 2018 ). The term orphan disease can refer to two different 

types: common diseases neglected by doctors or rare diseases with a 

variable incidence in the population ( Aronson, 2006 ). Although for different 

reasons, both have in common minimal scientific research about their 

genetic causes and molecular mechanisms and a lack of investments by 

pharmaceutical sector to develop new treatments ( Strynatka et al., 2018 ). 

The definition of rare disease in not universal and depends on the country. In

the United States, for example, a disease is considered rare when affecting 

fewer than 1 person in 200, 000, but in Japan and Australia the numbers are 

very different: 1/50, 000 and 1/2, 000, respectively ( Lavandeira, 2002 ). 

With the advent of next-generation sequencing technologies and a 

progressive reduction in sequencing costs, we will begin to see a dramatic 

increase in the identification of the genes responsible for human genetic 

disorders. Model organisms played a pivotal role in genotype-to-phenotype 

studies, in particular when the association is unclear ( Strynatka et al., 2018

). However, with an estimated total number of Mendelian genetic diseases 

between 7, 000 and 15, 000 ( Boycott et al., 2013 ) and only ∼1, 500 drugs 

approved by FDA, most of the genetic diseases still have no effective 

treatment, indicating a constant need for new experimental animal models. 
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Animal Models to Study Genetic Diseases 
Animal models are fundamental tools in biomedical research because they 

can fill the gap between basic science and the treatment of human diseases 

( Zon, 2016 ). Several different animal models can be used to study the gene

function providing new insight into pathophysiology of human disorders (

Bier and McGinnis, 2004 ). Simple models such as Saccharomyces cerevisiae

( Foury, 1997 ) and Dictyostelium discoideum ( Firtel and Chung, 2000 ; 

Chung et al., 2001 ) proved to be very helpful in elucidating the basic 

mechanisms of eukaryotic cell function, such as the regulation of the cell 

cycle, the mechanisms of DNA damage and repair, metabolism, and cell 

signaling. Similarly, invertebrates like Caenorhabditis elegans ( Aboobaker 

and Blaxter, 2000 ; Culetto and Sattelle, 2000 ) and Drosophila 

melanogaster ( Bernards and Hariharan, 2001 ; Reiter et al., 2001 ; Chien et 

al., 2002 ) represent outstanding models to study genes involved in more 

complex body plans ( Bier and McGinnis, 2004 ). However, their very high 

evolutionary distance with a low rate of sequence conservation compared to 

vertebrates and the huge difference in their anatomy and physiology, limit 

their use in studying vertebrate-specific embryonic development and in 

directly modeling human diseases. 

Traditionally, among mammals Mus musculus (mouse) and Rattus 

norvegicus (rat) are the species most commonly used as a vertebrate model 

organisms. Particularly the mouse with its small size, genomic resources, 

genetic tractability, and anatomic and physiologic conservation with humans,

elected it as the favored species to model human genetic disorders. 

Although in the past, mouse models were usually generated using 
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homologous recombination methods in embryonic stem cells (ESCs) it was a 

laborious, time consuming and not so efficient approach. With the advent of 

the new genome-editing techniques the overall process has been speed-up 

and today the generation of new mouse models require just few weeks, 

instead of the previous 1–2 years ( Ott de Bruin et al., 2015 ). However, the 

maintenance of large mouse colonies is still expensive reducing its use in 

large-scale genetic screens and phenotyping studies. In addition, because of 

the complexity of human diseases and the intrinsic differences between 

humans and other species, it is often the case that some aspects of the 

model organisms physiology makes it a poor model for a specific disease, 

and so multiple model organisms are needed. Based on several features 

described in detail below, zebrafish represents a good compromise for 

modeling human diseases, filling the gap between the invertebrate and 

mammalian model systems. 

Zebrafish as an Animal Model 
The zebrafish ( Danio rerio ) is a tropical freshwater fish from South-East Asia

which has in recent decades gained popularity in the research community. 

Zebrafish popularity began at the end of the last century (1970s–1980s), 

when they became a new genetic model for developmental biologists. 

However, because of the numerous advantages that zebrafish offer, it has 

rapidly become popular in the study of human disease. 

Zebrafish belong to the teleost clade, also known as “ bony” fish. The eggs 

are externally fertilized which allows for simple experimental manipulation of

the embryos, and each mating produces a high number (usually > 100) of 

embryos. The embryo development is very fast compared to other 
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vertebrate models such as mice, and a few days after the hatching (48–72 h 

post fertilization) zebrafish embryos already show all the major organs of the

adult animals. Notably, the anatomy and physiology of most of the zebrafish 

organs are very similar to those of mammals and in terms of hematopoiesis, 

Teleosts have all the different hematopoietic cellular elements found in 

mammals (i. e., erythroid, myeloid and lymphoid lineages). 

Although under normal conditions zebrafish embryos are not completely 

transparent, they may be treated with 1-phenyl 2-thiourea (PTU) at ∼24 h 

post fertilization (hpf) which will inhibit melanin formation resulting in almost

transparent embryos that will continue to remain in this condition as long as 

the PTU treatment is continued ( Karlsson et al., 2001 ). Alternatively, 

numerous genetic pigmentation mutants with different levels of 

transparency are available and can permit in vivo imaging from the embryo 

phases to adulthood ( White et al., 2008 ). 

The zebrafish is well suited for molecular and genetic analysis of temporal 

and spatial gene expression using whole mount in situ hybridization (WISH) (

Thisse and Thisse, 2008 ); moreover, a very long list of transgenic lines 

(including inducible models) are publicly available that allows study of tissue 

and organ development in vivo and in real-time during all the phases of 

embryo development ( Kondrychyn et al., 2011 ; Ruzicka et al., 2015 ). For a 

comprehensive list of transgenic lines helpful in studying zebrafish 

hematopoiesis see Gore et al. (2018) . 

Thousands of mutations obtained using large scale mutagenesis screens are 

available and moreover new mutations can be easily introduced in zebrafish 
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genome using the most recent techniques of site-specific genome editing 

such as the Clustered Regularly Interspaced Short Palindromic 

Repeat/CRISPR associated protein 9 (CRISPR/Cas9). The zebrafish genome 

has been fully sequenced and high-quality assemblies are publically 

available ( Howe et al., 2013 ). Genomic analysis shows that there is a high 

degree of sequence conservation and synteny between the zebrafish and 

human genomes. Zebrafish, especially during its embryonic stages, proved 

to be very suitable for medium- to large-throughput drug screening, because

it is possible to add the different compounds directly into the embryo 

medium. Moreover, usually zebrafish bioassays are cheaper and faster than 

the comparable mouse assays. Finally, maintenance costs of zebrafish model

are lower than those for mammals. While this review focuses on mutational 

analysis in early embryos, adult zebrafish are increasingly being used to 

study some blood diseases as well, particularly blood cancers ( Langenau et 

al., 2003 ; Alghisi et al., 2013 ). 

Like any other animal model and despite its numerous advantages and 

unique features, the zebrafish model system is not devoid of disadvantages 

and/or limitations. One of major limitations is the teleost-specific genome 

duplication. This event occurred ∼400 millions of years ago and 

corresponded to a complete duplication of teleost genome ( Meyer and Van 

de Peer, 2005 ). After the duplication event, the majority of the duplicated 

genes were lost or became pseudogenes. However, roughly 20% of the 

genes maintained two functional copies in the genome. As a results, 

zebrafish and other teleost species have a higher number of protein coding 

genes (∼26, 000) compared to other vertebrates like human, mouse or 
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chicken (∼21, 000) ( Howe et al., 2013 ). This information must be taken in 

consideration during reverse genetic analysis of the duplicated genes as a 

result of compensatory effects, most of the cases knocking out one copy of 

the gene is not enough to mimic the effects of a null allele. Another 

important aspect to take into consideration is that, after gene duplication, 

each duplicate can functionally diverge from each other through sub-

functionalization and/or neo-functionalization events ( Ohno, 1970 ; 

Postlethwait et al., 2004 ; Rastogi and Liberles, 2005 ). Although the modern 

genome-editing technologies allow the targeting of multiple genes at the 

same time, somewhat overcoming the problem duplicate genes, neo-

functionalization events could have partially changed the gene’s function. 

These phenomena could be responsible for discrepant functional outcomes 

among models in different species and potentially could limit the use of 

zebrafish in modeling human diseases. Unfortunately, it is currently not 

possible to determine a priori whether this would be an issue for any given 

gene duplication. 

Zebrafish as a Tool to Study Human Diseases 
The recent advent in the zebrafish field of targeted genome editing 

techniques, such as ZFN, TALEN, and in particular CRISPR/Cas9, has opened 

up the model to reproduce human pathological conditions of known disease-

related genes and to study their effects in vivo , with the ultimate goal of 

identifying new therapeutic targets ( Detrich et al., 1999 ; Langheinrich, 

2003 ; Santoriello and Zon, 2012 ). Although historically the first successful 

attempts to use zebrafish for genetic studies were represented by forward 

genetic approaches using chemical or insertional mutagenesis techniques (
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Haffter and Nusslein-Volhard, 1996 ; Golling et al., 2002 ; Varshney et al., 

2013 ), later on, thanks to the development of knockdown and targeted 

genome editing techniques, this model system proved that it could be 

efficiently used in reverse genetic approaches as well. 

Knockdown Approach to Study Gene Function 

In zebrafish, with the exception of limited cases where RNAi has been used 

to knockdown specific targets ( Oates et al., 2000 ), the knockdown approach

has been performed through the use of morpholinos (MOs) ( Nasevicius and 

Ekker, 2000 ). Because of their ease of use, MOs represented the first and 

they are still today one of the most popular approaches to perform reverse 

genetic analysis in zebrafish ( Eisen and Smith, 2008 ; Bill et al., 2009 ; 

Timme-Laragy et al., 2012 ; Stainier et al., 2017 ). MOs are modified 

antisense oligonucleotides (ASOs) that are manually microinjected in the 

embryos at the first stages of development (1–4 cells maximum). MO 

oligonucleotides are very stable because they are not targeted by nuclease 

enzymes and they do not act through an RNaseH mechanism, as in the case 

of RNA interference (RNAi) technology ( Eisen and Smith, 2008 ). Instead, 

through the binding to their RNA targets (pre-mRNA or mRNA), MOs induce a 

transient dose-dependent knockdown effect in the injected embryos 

(morphants). During embryonic development, MOs concentration is gradually

reduced in the cells due to cell divisions and therefore they do not typically 

stay effective beyond 3–5 days post fertilization (dpf) ( Timme-Laragy et al., 

2012 ). 
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Usually, low doses of MOs are well tolerated by zebrafish embryos, allowing 

the targeting of more than a single transcript at the same time to study 

synergistic effects of multiple knockdowns ( Rissone et al., 2012 ). While the 

report of potential off-target effects mediated by the tp53 activation 

following MOs injection ( Robu et al., 2007 ) raised several criticisms to the 

validity of some results obtained with them ( Blum et al., 2015 ; Kok et al., 

2015 ; Stainier et al., 2015 ), they have been extensively used to study gene 

function during embryo development and to confirm the role of candidate 

genes involved in human diseases. Usually, if used with full knowledge of the

potential risks and limitations and with all the essential controls ( Eisen and 

Smith, 2008 ; Stainier et al., 2015 , 2017 ), MOs represents a good starting 

point to infer gene function in a fast and inexpensive way and, at least in one

case, it has been shown that MOs action can prevent the genetic 

compensatory effects induced in some mutant animals ( Rossi et al., 2015 ). 

Recently, an alternative knockdown approach requiring the injection of RNA–

DNA hybrid ASOs (also known as gapmers) has been used to overcome some

of the limitations of MOs ( Pauli et al., 2015 ): first, each molecule of a steric-

blocking MO will only bind a single target RNA transcript; second, 

translational MOs, designed to block the ATG codon of mRNAs, do not induce

the degradation of the target transcripts impeding the quantification of their 

knockdown efficiency. In contrast, gapmer ASOs contains a central DNA 

region, which triggers an RNAse H-mediated degradation of the target RNAs. 

The molecules also have flanking 2′-modified nucleosides at both ends to 

protect them from exonucleases activity and to increase the affinity for the 

targets ( Evers et al., 2015 ). While they have already been used in cell 
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culture ( Dimitrova et al., 2014 ) and other species ( Heasman et al., 1994 ; 

Zhang et al., 1998 ; Wheeler et al., 2012 ), gapmers-mediated knockown 

represents a relatively unexplored approach in zebrafish. Pauli et al. (2015) 

tested the feasibility of this approach in zebrafish targeting ∼20 protein-

coding and non-coding transcripts with known embryonic loss-of-functions 

phenotypes and showing that gapmers can represent an effective RNA 

knockdown alternative. Although representing a promising tool, more studies

are required to further confirm their potential utility. 

Finally, given the continuous reduction of the costs required to create 

mutant alleles in zebrafish ( Varshney et al., 2015b ), in the future the 

studies involving the use of MOs or other knockown techniques could and 

should include a comparison of the phenotypes observed in bona fide 

genetic mutants as a control ( Stainier et al., 2017 ). 

Zebrafish Genome Editing Tools 

In zebrafish, large-scale genetic screens using random mutagenesis were 

successfully introduced at the end of the 1990s ( Haffter and Nusslein-

Volhard, 1996 ; Haffter et al., 1996 ). These forward genetic techniques 

proved to be very helpful in identifying mutants presenting phenotypes 

typical of several human disorders ( North and Zon, 2003 ; Amsterdam and 

Hopkins, 2006 ; Bradford et al., 2017 ; Howe et al., 2017 ). However, these 

approaches were not devoid of limitations; especially in the amount of efforts

required to isolate each mutation by positional cloning and they were 

gradually replaced by the use of reverse genetic approaches. In particular, 

the advent of the TILLING (or Targeting Induced Local Lesions in Genome) 
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system in early 2000s ( Wienholds et al., 2002 ) allowed the researchers to 

screen for mutations in specific genes of interest. Later, new and more 

efficient tools for targeted mutagenesis were developed and they were 

quickly adopted by the zebrafish community ( Doyon et al., 2008 ; Meng et 

al., 2008 ; Huang et al., 2011 ; Bedell et al., 2012 ). Briefly, all the major 

genome editing techniques are based on the coupling of DNA-binding 

domains or guide RNA molecules to proteins with nuclease activity used to 

induce double-stranded breaks (DSB) in the target genomic regions. Then 

inductions of DSBs prompts the activity of two different cellular DNA repair 

mechanisms: (a) the most common, but highly error–prone non-homologous 

end joining (NHEJ) and (b) the homology-directed repair (HDR) which is rarer 

in vivo and requires a template DNA to repair the DSB ( Symington and 

Gautier, 2011 ). The HDR mechanism seems to be particularly challenging in 

zebrafish and so far, despite numerous efforts of the community to optimize 

the mutagenic protocol in order to increase its frequency in zebrafish, very 

few successful cases are described in literature ( Hruscha et al., 2013 ; 

Hwang et al., 2013a ; Auer et al., 2014 ; Irion et al., 2014 ; Kimura et al., 

2014 ; Hisano et al., 2015 ; Li et al., 2015 ; Armstrong et al., 2016 ; 

Hoshijima et al., 2016 ; Zhang et al., 2016 ; Moreno-Mateos et al., 2017 ; 

Zhang et al., 2018 ). In contrast, in zebrafish the NHEJ repair mechanism 

works very efficiently and usually it is associated with loss/gain of small 

fragments of genomic DNA in the range of 1 bp to ∼40 bps. Selecting frame-

shift mutations introduced by NHEJ potentially impairs the structure and/or 

the functionality of the targeted protein. 
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The first examples of zebrafish mutants obtained with Zinc Finger Nucleases 

(ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs) were 

published in the late 2000s and 2011, respectively ( Doyon et al., 2008 ; 

Meng et al., 2008 ; Huang et al., 2011 ; Sander et al., 2011 ). They both 

allowed an easy targeting and recovery of the different mutations introduced

in the specific genomic regions, although their major limitations resided in 

their still high costs and in the efforts necessary to develop the modular 

DNA-binding motifs responsible for the sequence specificity. 

The recent advent of CRISPR/Cas9 system moved the versatility and 

affordability of the genome editing in zebrafish to a new level, allowing the 

targeting of multiple regions at the same time (multiplexing) with a 

consistent reduction of the costs ( Hwang et al., 2013b ; Jao et al., 2013 ; 

Varshney et al., 2015a ). In the CRISPR/Cas9 system, the sequence 

specificity is obtained using an ∼20 base pairs long guide RNA (gRNA), while 

the DNA double-strand cleavage activity is attained using the Cas9 

endonuclease activity. Compared to ZFNs and TALENs, CRISPR/Cas9 system 

has a similar or better efficiency in targeting genomic DNA, with a higher 

versatility and simplicity of design. The only limitation in the target design 

consist in the presence of a protospacer adjacent motif (PAM) directly 

upstream the target region bound by the gRNA. The PAM sequence depends 

on the Cas9 protein used, but in most of the cases is the nucleotide 

sequence NGG ( Varshney et al., 2015b ). Based on the biological target 

system used (cells or animal embryos) the gRNA sequence is delivered by 

transfection of specific gRNA-containing vectors or direct injection of gRNAs 

generated by in vitro transcription. In zebrafish, its intrinsic features such as 
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the external fertilization and the easy manipulation of the embryos, allow the

direct co-injection of Cas9 mRNA (or Cas9 protein) and the gRNAs into the 

embryos during the earliest stages of development (similarly to MOs). One 

further advantage of the zebrafish embryos is that they can easily tolerate 

multiple gRNAs at the same time, making possible a multiplexing approach 

that dramatically increases its versatility. It becomes possible to target 

multiple genes at the same time or to use specific gRNA directed against 

different regions of a single gene to maximize the number of mutated allele 

or to induce the deletion of a large genomic region based on the specific 

needs of the researchers. Another benefit of a multiplexing approach in 

zebrafish consists in overcoming the potential compensatory effects due to 

the duplicated genes, which clearly represents a problem for genetic analysis

in this animal model. In contrast, an obvious downside of a multiplexing 

approach is represented by the increased probability of off-target activity, 

which seems to be relatively rare, but detectable ( Varshney et al., 2015a ). 

Recently, in order to maximize the specificity of the CRISPR/Cas9 system, 

different variants of the Cas9 enzyme (Cas9n and Cas9/FokI) were 

successfully developed and proved to work very well in limiting nuclease 

activity to specific genomic sites, although reducing at the same time the 

overall multiplex potential of the system ( Ran et al., 2013 ; Tsai et al., 2014

). Many human diseases are due to mutations predicted to cause single or 

multiple amino acid substitutions that partially inhibit gene activity, instead 

of completely impairing protein function or mRNA stability. Therefore, in 

order to better mimicking the mutations found in human patients, the ability 

to introduce in an animal substitution genetic mutations (in contrast to null 

alleles) represents one of the current challenges of the genomic editing era. 
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Recently, a new genome editing technique called “ base editing” has been 

developed and tested in mammalian cells and different model species (

Komor et al., 2016 ; Kim et al., 2017 ). Through the fusion of a cytidine 

deaminase enzyme to the N-terminal region of a Cas9 nickase (nCas9) 

protein, this new technology allows direct conversion of one single base in a 

programmable way bypassing the DSBs. Recently, Zhang et al. (2017) 

adapted a similar approach to work efficiently in zebrafish, further increasing

its versatility as animal model in modeling human diseases. 

Zebrafish Hematopoiesis 
Usually, during both zebrafish and mammal embryo development, 

hematopoiesis is obtained in three distinctive, but partially overlapping, 

processes termed “ hematopoietic waves” ( Ciau-Uitz et al., 2014 ). For 

correct hematopoietic development, both their timing and embryonic 

localization need to be strictly regulated (for a comprehensive list of the 

genes expressed and involved in the different phases of zebrafish 

hematopoiesis see Gore et al., 2018 ). Based on the type of blood cells 

originated, the three major hematopoietic waves are distinguished in 

primitive, prodefinitive (or intermediate) and definitive. In mammals, during 

the first two hematopoietic waves, red blood cells and macrophages, and 

erythroid-myeloid precursors are generated extra-embryonically in the yolk 

sac blood island ( Ciau-Uitz et al., 2014 ). In contrast, the definitive 

hematopoiesis produces all the major hematopoietic cell types (erythroid, 

myeloid, and lymphoid) through the creation of hematopoietic stem and 

precursor cells (HSPCs). 
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Over the years, several reports pointed out the utility of the zebrafish model 

to study the different aspects of vertebrate hematopoiesis ( Gore et al., 2018

). Despite the > 400 million years of evolutionary distance ( Postlethwait et 

al., 1999 ) and the different embryonic territories involved ( Ciau-Uitz et al., 

2014 ), zebrafish and mammal species share the same key genetic 

regulation and mechanisms ( Sood and Liu, 2012 ; Avagyan and Zon, 2016 ; 

Gore et al., 2018 ). 

Zebrafish Primitive Hematopoiesis 

In zebrafish, primitive hematopoiesis starts around 11 h post fertilization 

(hpf) during somitogenesis ( Davidson and Zon, 2004 ). Specific cells inside 

the anterior and posterior lateral mesoderm (ALM and PLM, respectively) 

start expressing endothelial and hematopoietic markers generating different 

populations of vascular and hematopoietic precursors. Later, the ALM gives 

rise to the rostral blood island (RBI) region. The cells in the ALM/RBI region 

generate primitive myeloid precursors which eventually differentiate into 

macrophages and neutrophils ( Herbomel et al., 1999 ). Specifically, 

primitive myeloid precursors start to express the transcription factor pu. 1 

and then they leave the RBI spreading on the yolk sac ( Galloway et al., 2005

; Rhodes et al., 2005 ; Monteiro et al., 2011 ). Following pu. 1 activation, 

different myeloid markers start to be expressed in these migrating cells and 

finally, with the expression of irf8 , cebpa , and cebp1 genes, these 

precursors begin to assume a more restricted myeloid identity ( Li et al., 

2011 ; Jin et al., 2012 , 2016 ; Mommaerts et al., 2014 ; Dai et al., 2016 ). 

Precursor cells from RBI are also responsible for the generation of mast cells 

( Dobson et al., 2008 ) and microglia, which will eventually colonize the brain
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( Xu et al., 2015 , 2016 ). In contrast, the future hematopoietic precursors 

that reside in the PLM migrate, converging to the midline of the embryo body

and forming the intermediate cell mass (ICM). The ICM occupies the space 

between the yolk extension and the notochord and it extends throughout the

trunk of the embryos to the end of the yolk extension ( Ciau-Uitz et al., 2014

). Although the hematopoietic precursors forming the ICM region during 

development express both erythroid and myeloid markers (such as gata1a , 

and spi1b or mpx , respectively) this posterior first hematopoietic wave 

seems to generate mostly primitive erythrocytes that enter the circulation at

∼24 hpf, when the zebrafish heart starts beating ( Berman et al., 2003 ). 

Primitive erythroid and myeloid cells are then gradually replaced by blood 

cells produced during the following hematopoietic waves. 

Zebrafish Prodefinitive Hematopoiesis 

Around 24 hpf, the zebrafish embryos switch from the primitive to the 

definitive hematopoiesis. This transition occurs concurrently in two different 

regions of the embryo: the posterior blood island (PBI) and the ventral wall of

the dorsal aorta (VDA). From the VDA originates the precursors of HSPCs; 

while in the PBI, which is the most caudal region of the ICM right after the 

end of the yolk extension, only erythroid-myeloid progenitors (EMP) begin to 

differentiate ( Bertrand et al., 2007 ). Because they do not derive from 

HSPCs, the hematopoietic potential of EMPs is limited to the erythroid and 

myeloid lineages ( Gore et al., 2018 ). However, a very recent temporally–

spatially resolved fate-mapping analysis ( Tian et al., 2017 ) showed that the 

ventral endothelium in the VDA and PBI regions, gives rise to a transient 

wave of T lymphopoiesis which does not require HSPCs. Notably, the 
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generated T-cells are mostly CD4 Tαβ cells and are temporally limited to the 

larval stages of development ( Tian et al., 2017 ). 

Zebrafish Definitive and Adult Hematopoiesis 

The formation of HSPCs is the characteristic step of definitive hematopoiesis.

Compared to previous hematopoietic progenitors generated during primitive 

hematopoiesis, HSPCs are self-renewable pluripotent stem cells responsible 

for the formation of all the hematopoietic lineages during the zebrafish 

development and the adult phase. In zebrafish the definitive hematopoiesis 

starts around ∼24 hpf with the formation of the first runx1 and then cmyb 

positive cells in a specific region of the trunk of the embryos, the VDA which 

functionally corresponds to the aorta-gonad-mesonephros (AGM) region in 

mammals. In the VDA, a subset of endothelial cells starts to differentiate in 

HSPCs and they eventually bud from the aorta and colonize the region 

between the aorta and the posterior cardinal vein (PCV) ( Bertrand et al., 

2010 ; Kissa and Herbomel, 2010 ). This process is usually indicated as 

endothelial-hematopoietic transition (EHT) ( Kissa and Herbomel, 2010 ; 

Bresciani et al., 2014 ). Then, HSPCs enter the circulation through the PCV 

and move caudally to colonize by 2 dpf the so called caudal hematopoietic 

tissue (CHT) which consists of the region where the vascular plexus 

connecting the dorsal aorta and the cardinal vein resides ( Murayama et al., 

2006 ; Bertrand et al., 2010 ; Kissa and Herbomel, 2010 ; Sood et al., 2010 ; 

Bresciani et al., 2014 ; Gore et al., 2016 ; Tian et al., 2017 ). This region is 

also indicated as PBI. Due to the reduced blood flow and the presence of 

specific signals on the surface of HSPCs and endothelial cells of the caudal 

vein plexus (CVP), HSCPs leave the circulation and extravasate in the PBI 
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region, where they are surrounded by endothelial and perivascular 

mesenchymal stromal cells that modulates their subsequent proliferative 

and/or differentiation fate ( Murayama et al., 2006 ; Jin et al., 2007 , 2009 ; 

Tamplin et al., 2015 ). The CHT region is the teleost homologous of the 

mammalian fetal liver and there, part of the HSCPs proliferates and gives 

rise to erythroid and myeloid cells, and some of them through circulation, 

move anteriorly to the thymus and to the anterior part of the kidney by 3 

and 4 dpf, respectively ( Kissa et al., 2008 ). Like in mammals, the zebrafish 

thymus is the site of differentiation and maturation of T-lymphocytes ( Hess 

and Boehm, 2012 ), while the kidney marrow, where HSPCs reside through 

adulthood, is analogous to mammalian bone marrow ( Bertrand and Traver, 

2009 ). Both organs represent the sites where the adult hematopoiesis 

reside ( de Jong and Zon, 2005 ). 

Zebrafish Models of Blood Disease 
Historically, the zebrafish mutant sauternes ( sau ), represented the first 

example of a growing list of zebrafish contributions to the study of human 

diseases. Isolated during a large zebrafish forward genetic screening, the 

mutated gene encodes δ-aminolevulinate synthase (ALAS-2), an enzyme 

involved in the first step of heme biosynthesis ( Brownlie et al., 1998 ). 

Notably, because mutations in ALAS2 gene are responsible for the congenital

sideroblastic anemia (CSA) in humans, zebrafish sauternes mutants 

represented also the first animal model for the disease ( Brownlie et al., 1998

). Since then, through both forward and reverse genetic analysis, the 

zebrafish have proven to be instrumental in the study of human blood 

disorders ( Berman et al., 2003 ; North and Zon, 2003 ; Forrester et al., 2012
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; Moore and Langenau, 2012 ; Santoriello and Zon, 2012 ; Zhang and Yeh, 

2012 ; Avagyan and Zon, 2016 ; Robertson et al., 2016 ; Gore et al., 2018 ). 

In the following sections we will discuss a few of these disease models. 

Zebrafish Erythroid and Myeloid Models of Disease 

Diamond–Blackfan Anemia 

Diamond–Blackfan anemia (DBA) is a congenital bone marrow failure 

syndrome characterized by a complex array of hematopoietic and non-

immunological defects. Patients with DBA are generally diagnosed during 

infancy or early childhood and present erythrocyte aplasia with anemia, 

macrocytosis, reticulocytopenia, and a paucity of red blood cell precursor 

cells within a normocellular marrow, associated with growth retardation, and 

limb, cardiac, and/or craniofacial malformations and have a predisposition to 

cancer ( O’Brien et al., 2017 ). Other specific features of DBA are an elevated

erythrocyte adenosine deaminase (ADA) activity and an elevated fetal 

hemoglobin concentration ( McGowan and Mason, 2011 ). The primary 

treatment of DBA is corticosteroids, but ∼40% of patients lose steroid 

responsiveness, requiring chronic red cell transfusions ( O’Brien et al., 2017

). The only definitive treatment for DBA consists of hematopoietic stem cell 

transplantation (HSCT). In the 65% of patients DBA is caused by 

heterozygous mutations in ribosomal genes; while in the remaining ∼35% 

the genetics causes are still unknown ( O’Brien et al., 2017 ). While, the most

commonly mutated gene in DBA patients is RPS19 ( Draptchinskaia et al., 

1999 ; Campagnoli et al., 2008 ), germ-line mutations in genes encoding 

both small and large components of the ribosomal subunits (RPS24, RPS17, 
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RPS7, RPS10, RPS26 and RPL35A, RPL5, RPL11, RPL26, respectively) have 

also been described ( Farrar et al., 2011 ; Gazda et al., 2012 ). 

In mice, homozygous knockout mutants for the rps19 gene presented early 

embryonic lethality ( Matsson et al., 2004 ). Heterozygous mice did not 

present hematologic or developmental phenotypes, because of a genetic 

compensation from the wild-type rps19 locus ( Matsson et al., 2006 ). 

Another mouse model with a ethylnitrosourea (ENU)-induced missense point 

mutation in rps19 gene showed a hematopoietic defect that was rescued by 

p53 knockdown ( McGowan et al., 2008 ; McGowan and Mason, 2011 ). 

To date two independent models of DBA were developed in zebrafish using 

MOs knockdown approaches against the ribosomal protein S19 ( rps19) 

transcripts ( Danilova et al., 2008 ; Uechi et al., 2008 ). In both cases, rps19 

knockdown recapitulated the phenotypes observed in DBA patients such as 

the defective erythropoiesis and morphologic abnormalities. A subsequent 

zebrafish knockdown model of rpl11 , another ribosomal protein found 

mutated in DBA patients ( Chakraborty et al., 2009 ), confirmed the central 

role for p53 activation in the pathophysiology of DBA ( Ball, 2011 ). More 

recently, the genetic models of rps19 and rpl11 deficiency were developed (

Zhang et al., 2014 ). Both models presented a reduction of protein 

production and in particular of globin proteins in red blood cells, suggesting 

that the protein reduction could be a key contributing factor to erythroid 

defects observed in DBA ( Zhang et al., 2014 ). Finally, Danilova et al. (2018)

investigated the role of immune system in DBA. Using rpl11 mutants and 

rps19 morphants, they showed an increased level of interferon network, 

inflammatory pathways and complement system suggesting that the 
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activation of the innate immune system could contribute to the 

physiopathology of DBA ( Danilova et al., 2018 ). 

Recently, another gene of the rps family, rps29, has been associated with 

DBA using whole-exome sequencing and functional studies in a zebrafish 

model of rps29 deficiency ( Taylor et al., 2012 ; Mirabello et al., 2014 ). 

Finally, DBA patients present a high incidence of cancer, with particularly 

high risks of leukemia, osteosarcoma, myelodysplastic syndrome and colon 

adenocarcinoma ( Vlachos et al., 2012 ); notably, rps and rpl heterozygous 

mutations also cause tumors in zebrafish ( Amsterdam et al., 2004 ; Lai et 

al., 2009 ). 

Erythropoietic Protoporphyria 

The different inherited porphyrias are genetic diseases affecting heme 

biosynthesis, caused by mutations in specific enzymes of the heme 

biosynthetic pathway. As a result of these enzymatic deficiencies, the 

intermediates of the heme biosynthetic pathway (porphyrinogens, 

porphyrins and their precursors) are produced in excess and accumulate in 

tissues resulting in neurological, photo-cutaneous symptoms, and 

hematological disturbances ( Richard et al., 2008 ). Based on which tissue 

accumulates porphyrin, this group of diseases can be divide into 

erythropoietic or hepatic. Three different erythropoietic porphyrias have 

been described: erythropoietic protoporphyria (EPP), which is the most 

frequent, congenital erythropoietic porphyria (CEP), and the very rare 

hepatoerythropoietic porphyria (HEP) ( Richard et al., 2008 ). In humans, EPP

is associated with inherited defects in the ferrochelatase (FECH) gene which 
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catalyzes the insertion of a ferrous iron into protoporphyrin IX (PPIX) to form 

heme ( Puy et al., 2010 ). The main clinical manifestation is painful skin 

inflammation after short exposure to sunlight. However, because the heme 

formation mainly occurs in the bone marrow and liver, mutations affecting 

FECH activity lead to PPIX accumulation in the bone marrow, erythrocytes, 

plasma, and liver and it has been estimated that up to 20% of the EPP 

patients have liver injury and approximately 2–5% develop serious liver 

damage or even liver failure ( Wang et al., 2018 ). 

After chemical mutagenesis using ENU, a viable autosomal recessive 

mutation in mouse fech gene was isolated and characterized in the early 

1990s ( Tutois et al., 1991 ; Boulechfar et al., 1993 ). Homozygous null mice 

present a severe reduction of FECH enzymatic activity and they exhibit 

jaundice, photosensitivity and dramatic hepatic dysfunction ( Tutois et al., 

1991 ). 

A zebrafish genetic model of EPP, with mutations in the ferrochelatase ( fech

) gene, was obtained from a large-scale genetic screen ( Childs et al., 2000 ).

Zebrafish ferrochelatase mutants ( Dracula ) present a light-dependent lysis 

of red blood cells and liver disease ( Childs et al., 2000 ). 

A zebrafish mutant ( ype tp61 ), which represented the first genetic model of 

HEP, was obtained in a forward genetic screen ( Wang et al., 1998 ). The 

mutant presents a mutation in the uroporphyrinogen decarboxylase ( urod ) 

gene. Homozygous embryos die due to photo-ablation of their auto-

fluorescent blood cells upon light exposure ( Wang et al., 1998 ) and present 

clinical similarities to the defects observed in HEP patients. 
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Systemic Mastocytosis 

Mastocytosis refers to a group of hematological disorders characterized by 

an increase in mast cell production, as well as abnormal morphology with 

aberrant surface receptor expression of tissue mast cells. These disorders 

are usually the result of various gain-of-function mutations affecting the 

tyrosine kinase KIT receptor, leading to increased accumulation and survival 

of tissue mast cells ( Klaiber et al., 2017 ). Mastocytosis is divided in different

subtypes: mastocytoma, urticaria pigmentosa, and systemic mastocytosis 

(SM), which represents the most severe subtype because mast cells 

accumulate in multiple organs. In the case of SM, a c-Kit D816V mutation is 

the most common cause of the disease and it gives rise to a constitutively 

active form of the protein that activates PI3K, Jak-STAT, and MAPK pathways 

( Lennartsson and Ronnstrand, 2012 ). Mouse models of SM using D816V 

mutation of human ( Zappulla et al., 2005 ) or mouse ( Gerbaulet et al., 2011

) c-Kit gene have been developed. Similarly, a zebrafish transgenic model 

ubiquitously expressing the human KIT-D816V mutation has been developed 

( Balci et al., 2014 ). Adult transgenic fish demonstrate a myeloproliferative 

disease phenotype with a strong accumulation of mast cells in the kidney 

marrow and high expression levels of endopeptidases, consistent with SM 

defects observed in patients. Moreover, the zebrafish model showed a higher

incidence of disease than in the transgenic mice overexpressing the same 

human mutant gene ( Balci et al., 2014 ). 

Zebrafish Models of Primary Immunodeficiencies 
Primary immunodeficiencies (PIDs) represent a heterogeneous group of 

genetic disorders characterized by the partial or complete absence of the 
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immune system or its improper activity ( Al-Herz et al., 2011 ). So far, more 

than 230 PID-causing genes have been identified and novel gene defects 

continue to be discovered ( Al-Herz et al., 2011 ). Among PIDs, severe 

combined immunodeficiencies (SCIDs) are the most severe forms, resulting 

in a block of the development of T, B and/or NK cells and, consequently, in a 

high susceptibility to any kind of infection. For the most severe forms of PIDs 

the HSCT represents the current treatment of choice and, when a 

histocompatibility leukocyte antigen (HLA)-matched donor is not available, 

conditioning chemotherapy may be needed to facilitate robust and sustained

engraftment of donor cells and improve immune reconstitution ( Pai et al., 

2014 ; Ott de Bruin et al., 2015 ). Some SCIDs have also been successfully 

treated with gene therapy ( Fischer et al., 2013 ; Mukherjee and Thrasher, 

2013 ). Unfortunately, for many cases of PIDs the genetic causes are still 

unknown or poorly understood ( Shearer et al., 2014 ). Although current 

advances in analyzing the genome or exome sequences of patients and their

relatives uncover many sequence polymorphisms (SNPs) possibly affecting 

the blood disorders, in vivo analysis still represent the golden standard to 

functionally confirm their effects and, from this point of view, the zebrafish 

can provide a good platform to test the functional consequences of different 

genetic variants ( Iwanami, 2014 ). 

Reticular Dysgenesis 

Reticular dysgenesis is one of the most rare and severe forms of SCIDs. The 

disease is clinically characterized by congenital lymphopenia, lymphoid and 

thymic hypoplasia with agranulocytosis and sensorineural deafness ( Hoenig 

et al., 2018 ) and is caused by mutations in adenylate kinase 2 ( ak2 ) gene (
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Lagresle-Peyrou et al., 2009 ; Pannicke et al., 2009 ; Six et al., 2015 ). Ak2 

protein is mostly located in the mitochondrial membrane space where it 

catalyzes the conversion of 1ATP + 1AMP = 2ADP sustaining the 

mitochondrial oxidative phosphorylation ( Dzeja and Terzic, 2003 ). In mouse

ak2 mutations are embryonically lethal, therefore zebrafish represented an 

alternative to try to model the disease. The first attempts to model RD in 

zebrafish consisted of embryonic knockdown with a splicing-MO mimicking 

one of the mutations found in a patient ( Pannicke et al., 2009 ). Overall, 

larvae showed a reduction of the ikaros signal in the thymus indicating an 

impairment of leukocyte development during definitive hematopoiesis (

Pannicke et al., 2009 ). Recently, the first knockdown results were 

independently confirmed using two other different MOs and, more 

importantly, by two distinct zebrafish genetic models (with a missense point 

mutation and a frame shift mutation, respectively) and a patient-derived 

iPSCs model of RD ( Rissone et al., 2015 ). As previously shown in vitro in 

fibroblast of RD patients, ak2-deficiency in zebrafish induces an increased 

level of oxidative stress resulting in increased apoptosis and cell death of the

HSPC population. In vitro differentiated iPSCs recapitulate the promyeloid 

block of their differentiation that has been described in the bone marrow of 

RD patients ( Lagresle-Peyrou et al., 2009 ; Hoenig et al., 2017 ). Notably, in 

zebrafish antioxidant treatments with N -acetyl cysteine or Glutathione (GSH)

were able to reduce the cellular oxidative stress in vivo rescuing the 

hematopoietic phenotypes; moreover similar results were obtained in the 

RD-patient derived iPSCs model, where the GSH, but not the all- trans 

retinoic acid (ATRA), treatment was able to significantly increase the 

differentiation of AK2-deficient iPSCs into mature granulocytes ( Rissone et 
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al., 2015 ). Interestingly, a recent report showed that in ak2-deficiencient 

hematopoietic progenitors obtained from a different RD-patient derived 

iPSCs, the intracellular ATP redistribution is impaired with a strong ATP 

depletion in the nucleus and an altered global transcriptional profile ( Oshima

et al., 2018 ). 

Wiskott–Aldrich Syndrome 

The Wiskott–Aldrich syndrome (WAS) is a rare X-linked recessive disease 

(with an estimated incidence of less than 1 in 100, 000 births) characterized 

by eczema, bleeding diathesis, and recurrent infections that occurs in boys (

Ochs and Thrasher, 2006 ; Puck and Candotti, 2006 ). The disease is 

associated with mutations in a gene on the short arm of the X chromosome 

(Xp11. 23) that was originally termed the WAS gene ( Derry et al., 1994 ). 

The protein encoded by the WAS gene (WASp) is a major regulator of actin 

polymerization and it plays a role in the remodeling of the cytoskeleton 

during the formation of the immunological synapse between T cells and the 

and antigen-presenting cells. Mutations in WASp can prevent the formation 

of the immunologic synapse, impairing T-cell function and compromise the 

locomotion and the adhesion of other immunological cells such as B cells, 

macrophages, dendritic cells, etc. ( Ochs and Thrasher, 2006 ; Puck and 

Candotti, 2006 ). Moreover, constitutively activating mutations of WASp are 

responsible for the X-linked severe congenital neutropenia (XLN) disorder (

Devriendt et al., 2001 ). 

Different knock-out and knock-in murine models of WAS were developed (

Leon et al., 2016 ). The complete inactivation of WASp mimicked the 
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thrombocytopenia although failed to reproduce the microcytosis observed in 

human patients ( Sabri et al., 2006 ; Marathe et al., 2009 ). Notably, murine 

models have been successfully used to conduct preclinical trials evaluating 

somatic gene therapy as an alternative to transplantation ( Dupre et al., 

2006 ; Bosticardo et al., 2011 , 2014 ; Uchiyama et al., 2012 ). 

In zebrafish the was gene is duplicated and both present a very similar 

expression pattern ( Cvejic et al., 2008 ). Morpholino analysis targeting wasa

or wasb showed that they exhibit different levels of disruption to the wound 

inflammatory response. In particular, wasa morphants showed the strongest 

phenotypes, which consisted of impaired migration of neutrophils and 

macrophages in a tail wound assays and a thrombosis and/or bleeding 

phenotype that mirrored the human syndrome ( Cvejic et al., 2008 ). 

Morpholino studies were then confirmed by two different mutant alleles (

Cvejic et al., 2008 ). More recently, a zebrafish wasa null mutant allele 

modeling WAS and XLN disorders was characterized ( Jones et al., 2013 ). 

The null mutant showed defects in the wound-induced inflammatory 

response, due to inefficiency in forming and maintaining new leading 

pseudopods, and also defects in immune-cell-mediated resistance to 

bacterial infection, as observed in WAS patients ( Jones et al., 2013 ). 

WHIM Syndrome 

The warts, hypogammaglobulinemia, infections, and myelokathexis (WHIM) 

syndrome is caused by dominant mutations in chemokine receptor CXCR4 

that induce the truncation of its carboxy-terminal domain. This leads to a 

defect in the internalization of the CXCR4 receptor after the binding to the 
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sdf1 ligand (which is encoded in humans by CXCL12 gene) and it induces an 

increased signaling and enhanced migration after stimulation by chemokine (

Hernandez et al., 2003 ). The WHIM syndrome is an inherited 

immunodeficiency that presents a range of symptoms, including human 

papillomavirus (HPV)-induced warts, reduced long-term immunoglobulin G 

(IgG) titers, recurring infections, retention of neutrophils in the bone marrow 

(myelokathexis), and leukopenia ( Kallikourdis et al., 2015 ). In a mouse 

model of the WHIM syndrome, which recapitulates the defects observed in 

human patients, the expression of the mutant forms of CXCR4 in 

hematopoietic stem cells blocks the release of neutrophils from the bone 

marrow, inducing apoptosis in neutrophils and eventually neutropenia (

Kawai et al., 2007 ). A stable transgenic line specifically expressing in 

neutrophils the homologous CXCR4 receptor truncation mutations found in 

WHIM patients was generated in zebrafish to model the disorder. As 

observed in the mouse model and in human patients, the zebrafish model 

showed neutrophil retention in hematopoietic tissue and an impairment of 

neutrophil motility and wound recruitment. The neutrophil retention is SDF1 

dependent, because depletion of SDF1 using MOs restores neutrophil 

chemotaxis to wounds ( Walters et al., 2010 ). 

Chronic Granulomatous Disease 

Chronic granulomatous disease (CGD) is an inherited PID caused by 

functional impairment of the NADPH oxidase complex in neutrophilic 

granulocytes and monocytes compromising their ability to produce ROS that 

are highly toxic to phagocytosed microorganisms. CGD is characterized by 

recurrent and severe infections, dysregulated inflammation, and 
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autoimmunity, and patients are at increased risk of life-threatening 

infections with catalase-positive bacteria and fungi and inflammatory 

complications such as CGD colitis ( Arnold and Heimall, 2017 ). Mutations in 

any of the five structural subunits of the NADPH oxidase complex result in 

defective ROS production that are highly toxic to phagocytosed 

microorganisms. 

Although only mouse genetic models of CGD are currently available (

Schaffer and Klein, 2013 ), studies in zebrafish using MOs targeting different 

components of the PHOX complex successfully demonstrated that 

phagocyte-mediated killing of Candida albicans ( Brothers et al., 2011 ) and 

Mycobacterium marinum ( Yang et al., 2012 ) are dependent on their ability 

to generate an oxidative burst ( Harvie and Huttenlocher, 2015 ). 

Leukocyte Adhesion Deficiency 

Leukocyte Adhesion Deficiency (LAD) is a group of disorders characterized by

devastating bacterial infections associated with an increased number of 

circulating neutrophils (neutrophilia) ( Burns et al., 2017 ). So far, four 

different types of LAD have been described ( Burns et al., 2017 ). The LADs 

are usually distinguished by Roman numerals, I, II, III, and IV. There are 

mouse models for each of the four diseases, and additional non-murine 

animal models for two of them ( Hanna and Etzioni, 2012 ). In particular, LAD

IV (also indicated as Rac2-deficiency), is a very rare autosomal recessive 

disorder in which loss of function Rac2 mutations cause defects of neutrophil

F-actin assembly, adhesion and migration ( Schaffer and Klein, 2013 ). 

Although, because of the additional role of RAC2 in the NADPH complex, the 
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phenotypes of RAC2-deficiency overlap those observed in CGD. Due to 

RAC2’s role in cell adhesion and migration, and other pathways, the 

phenotypes are more severe than in CGD. Recently, two models of RAC2-

deficiency have been developed in zebrafish ( Deng et al., 2011 ) using MOs 

and expressing in zebrafish neutrophils the human dominant inhibitory 

Rac2D57N mutation found in patients, respectively. Both models present a 

failure in wound healing due to impaired neutrophil chemotaxis and in both, 

the neutrophils fail to respond to a Pseudomonas aeruginosa infection ( Deng

et al., 2011 ). As observed in patients, LAD fish exhibit neutrophilia from 

hematopoietic tissue without increased production of neutrophils and a 

defect in leaving the vasculature to reach the sites of tissue damage. 

Notably, neutrophil retention in the CHT of WHIM fish is reduced by the 

expression of Rac2D57N in neutrophils, suggesting that Rac2 signaling is 

also necessary in CXCR4-mediated neutrophil retention in hematopoietic 

tissues ( Deng et al., 2011 ). 

ZAP70 Deficiency 

Zeta-chain (TCR) associated protein kinase, 70 kDa (ZAP70) deficiency is a 

rare form of SCID characterized by a deficit of mature CD8+ T cells along 

with a regular number of non-functional circulating CD4+ T cells unable to 

mount an effective T cell response ( Arpaia et al., 1994 ; Chan et al., 1994 ; 

Elder et al., 1994 ; Hivroz and Fischer, 1994 ). ZAP70 is an important 

mediator of T cell activation, proliferation, and differentiation ( Wang et al., 

2010 ). Mouse models of the disease present an even more severe block in T

cell differentiation phenotypes with a lack of mature T cells ( Negishi et al., 

1995 ; Kadlecek et al., 1998 ), that usually is explained by a compensatory 
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effect induced in humans by spleen tyrosine kinase (SYK) protein ( Kadlecek 

et al., 1998 ). Although defects in lymphatic or blood endothelial 

specification have not been reported for ZAP70-deficient mice or humans, a 

first model in zebrafish using knockdown approaches indicated a role for 

both syk and zap70 in vascular embryonic development ( Christie et al., 

2010 ). However, a more recent zebrafish genetic model, where a frame-shift

mutation was introduced using a TALEN targeting exon 2 of the zap70 gene, 

failed to show any vascular and/or lymphatic defects ( Moore et al., 2016 ). 

However, zebrafish zap70 null mutants presented a reduction of developing 

thymocytes and mature T cells during embryo development and later they 

develop a T cell-specific immunodeficiency that cannot be compensated by 

syk protein, fully confirming the data obtained in mouse models ( Moore et 

al., 2016 ). 

Conclusion and Future Perspectives 
Thanks to the next-generation sequencing techniques, the ability to identify 

gene defects in small populations or even in single patients with inherited 

diseases is increased rapidly. More importantly, the overall costs of whole-

exome sequencing and whole genome-wide association studies are steadily 

dropping and, based on all the predictions, they will continue to decrease in 

the coming years. In this scenario, the use of the latest genome-editing 

techniques such as CRIPR/Cas9 in association with the numerous unique 

features of the zebrafish model, will represents a huge boost in the modeling

and in the understanding of the physiopathology of human diseases. 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 32

Author Contributions 
All authors listed have made a substantial, direct and intellectual 

contribution to the work, and approved it for publication. 

Funding 
This research was funded by the Intramural Research Program of the 

National Human Genome Research Institute; National Institutes of Health 

(SB: 1ZIAHG000183). 

Conflict of Interest Statement 
The authors declare that the research was conducted in the absence of any 

commercial or financial relationships that could be construed as a potential 

conflict of interest. 

References 
Aboobaker, A. A., and Blaxter, M. L. (2000). Medical significance of 

Caenorhabditis elegans . Ann. Med. 32, 23–30. doi: 10. 

3109/07853890008995906 

Alghisi, E., Distel, M., Malagola, M., Anelli, V., Santoriello, C., Herwig, L., et al.

(2013). Targeting oncogene expression to endothelial cells induces 

proliferation of the myelo-erythroid lineage by repressing the Notch pathway.

Leukemia 27, 2229–2241. doi: 10. 1038/leu. 2013. 132 

Al-Herz, W., Bousfiha, A., Casanova, J. L., Chapel, H., Conley, M. E., 

Cunningham-Rundles, C., et al. (2011). Primary immunodeficiency diseases: 

an update on the classification from the international union of immunological

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 33

societies expert committee for primary immunodeficiency. Front. Immunol. 

2: 54. doi: 10. 3389/fimmu. 2011. 00054 

Amsterdam, A., and Hopkins, N. (2006). Mutagenesis strategies in zebrafish 

for identifying genes involved in development and disease. Trends Genet. 

22, 473–478. doi: 10. 1016/j. tig. 2006. 06. 011 

Amsterdam, A., Sadler, K. C., Lai, K., Farrington, S., Bronson, R. T., Lees, J. A.,

et al. (2004). Many ribosomal protein genes are cancer genes in zebrafish. 

PLoS Biol. 2: E139. doi: 10. 1371/journal. pbio. 0020139 

Armstrong, G. A., Liao, M., You, Z., Lissouba, A., Chen, B. E., and Drapeau, P. 

(2016). Homology directed knockin of point mutations in the Zebrafish 

tardbp and fus genes in ALS using the CRISPR/Cas9 system. PLoS One 11: 

e0150188. doi: 10. 1371/journal. pone. 0150188 

Arnold, D. E., and Heimall, J. R. (2017). A review of chronic granulomatous 

disease. Adv. Ther. 34, 2543–2557. doi: 10. 1007/s12325-017-0636-2 

Aronson, J. K. (2006). Rare diseases and orphan drugs. Br. J. Clin. Pharmacol. 

61, 243–245. doi: 10. 1111/j. 1365-2125. 2006. 02617. x 

Arpaia, E., Shahar, M., Dadi, H., Cohen, A., and Roifman, C. M. (1994). 

Defective T cell receptor signaling and CD8 + thymic selection in humans 

lacking zap-70 kinase. Cell 76, 947–958. doi: 10. 1016/0092-8674(94)90368-

9 

Auer, T. O., Duroure, K., De Cian, A., Concordet, J. P., and Del Bene, F. 

(2014). Highly efficient CRISPR/Cas9-mediated knock-in in zebrafish by 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 34

homology-independent DNA repair. Genome Res. 24, 142–153. doi: 10. 

1101/gr. 161638. 113 

Avagyan, S., and Zon, L. I. (2016). Fish to learn: insights into blood 

development and blood disorders from zebrafish hematopoiesis. Hum. Gene 

Ther. 27, 287–294. doi: 10. 1089/hum. 2016. 024 

Balci, T. B., Prykhozhij, S. V., Teh, E. M., Da’as, S. I., McBride, E., Liwski, R., et

al. (2014). A transgenic zebrafish model expressing KIT-D816V recapitulates 

features of aggressive systemic mastocytosis. Br. J. Haematol. 167, 48–61. 

doi: 10. 1111/bjh. 12999 

Ball, S. (2011). Diamond Blackfan anemia. Hematol. Am. Soc. Hematol. Educ.

Program 2011, 487–491. doi: 10. 1182/asheducation-2011. 1. 487 

Bedell, V. M., Wang, Y., Campbell, J. M., Poshusta, T. L., Starker, C. G., Krug, 

R. G., et al. (2012). In vivo genome editing using a high-efficiency TALEN 

system. Nature 491, 114–118. doi: 10. 1038/nature11537 

Berman, J., Hsu, K., and Look, A. T. (2003). Zebrafish as a model organism for

blood diseases. Br. J. Haematol. 123, 568–576. doi: 10. 1046/j. 1365-2141. 

2003. 04682. x 

Bernards, A., and Hariharan, I. K. (2001). Of flies and men–studying human 

disease in Drosophila. Curr. Opin. Genet. Dev. 11, 274–278. doi: 10. 

1016/S0959-437X(00)00190-8 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 35

Bertrand, J. Y., Chi, N. C., Santoso, B., Teng, S., Stainier, D. Y., and Traver, D. 

(2010). Haematopoietic stem cells derive directly from aortic endothelium 

during development. Nature 464, 108–111. doi: 10. 1038/nature08738 

Bertrand, J. Y., Kim, A. D., Violette, E. P., Stachura, D. L., Cisson, J. L., and 

Traver, D. (2007). Definitive hematopoiesis initiates through a committed 

erythromyeloid progenitor in the zebrafish embryo. Development 134, 4147–

4156. doi: 10. 1242/dev. 012385 

Bertrand, J. Y., and Traver, D. (2009). Hematopoietic cell development in the 

zebrafish embryo. Curr. Opin. Hematol. 16, 243–248. doi: 10. 1097/MOH. 

0b013e32832c05e4 

Bier, E., and McGinnis, W. (2004). “ Chapter 3. Model organisms in the study 

of development and disease,” in Molecular Basis of Inborn Errors of 

Development , eds R. P. Erickson and A. J. Wynshaw-Boris (New York, NY: 

Oxford University Press), 25–45. 

Bill, B. R., Petzold, A. M., Clark, K. J., Schimmenti, L. A., and Ekker, S. C. 

(2009). A primer for morpholino use in zebrafish. Zebrafish 6, 69–77. doi: 10. 

1089/zeb. 2008. 0555 

Blum, M., De Robertis, E. M., Wallingford, J. B., and Niehrs, C. (2015). 

Morpholinos: antisense and sensibility. Dev. Cell 35, 145–149. doi: 10. 1016/j.

devcel. 2015. 09. 017 

Bosticardo, M., Draghici, E., Schena, F., Sauer, A. V., Fontana, E., Castiello, M.

C., et al. (2011). Lentiviral-mediated gene therapy leads to improvement of 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 36

B-cell functionality in a murine model of Wiskott-Aldrich syndrome. J. Allergy 

Clin. Immunol. 127, 1376–U1109. doi: 10. 1016/j. jaci. 2011. 03. 030 

Bosticardo, M., Ferrua, F., Cavazzana, M., and Aiuti, A. (2014). Gene therapy 

for Wiskott-Aldrich Syndrome. Curr. Gene Ther. 14, 413–421. doi: 10. 

2174/1566523214666140918103731 

Boulechfar, S., Lamoril, J., Montagutelli, X., Guenet, J. L., Deybach, J. C., 

Nordmann, Y., et al. (1993). Ferrochelatase structural mutant (Fechm1Pas) in

the house mouse. Genomics 16, 645–648. doi: 10. 1006/geno. 1993. 1242 

Boycott, K. M., Vanstone, M. R., Bulman, D. E., and MacKenzie, A. E. (2013). 

Rare-disease genetics in the era of next-generation sequencing: discovery to

translation. Nat. Rev. Genet. 14, 681–691. doi: 10. 1038/nrg3555 

Bradford, Y. M., Toro, S., Ramachandran, S., Ruzicka, L., Howe, D. G., Eagle, 

A., et al. (2017). Zebrafish models of human disease: gaining insight into 

human disease at ZFIN. ILAR J. 58, 4–16. doi: 10. 1093/ilar/ilw040 

Bresciani, E., Carrington, B., Wincovitch, S., Jones, M., Gore, A. V., Weinstein, 

B. M., et al. (2014). CBFbeta and RUNX1 are required at 2 different steps 

during the development of hematopoietic stem cells in zebrafish. Blood 124, 

70–78. doi: 10. 1182/blood-2013-10-531988 

Brothers, K. M., Newman, Z. R., and Wheeler, R. T. (2011). Live imaging of 

disseminated candidiasis in zebrafish reveals role of phagocyte oxidase in 

limiting filamentous growth. Eukaryot. Cell 10, 932–944. doi: 10. 1128/EC. 

05005-11 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 37

Brownlie, A., Donovan, A., Pratt, S. J., Paw, B. H., Oates, A. C., Brugnara, C., 

et al. (1998). Positional cloning of the zebrafish sauternes gene: a model for 

congenital sideroblastic anaemia. Nat. Genet. 20, 244–250. doi: 10. 

1038/3049 

Burns, S. O., Zarafov, A., and Thrasher, A. J. (2017). Primary 

immunodeficiencies due to abnormalities of the actin cytoskeleton. Curr. 

Opin. Hematol. 24, 16–22. doi: 10. 1097/MOH. 0000000000000296 

Campagnoli, M. F., Ramenghi, U., Armiraglio, M., Quarello, P., Garelli, E., 

Carando, A., et al. (2008). RPS19 mutations in patients with Diamond-

Blackfan anemia. Hum. Mutat. 29, 911–920. doi: 10. 1002/humu. 20752 

Chakraborty, A., Uechi, T., Higa, S., Torihara, H., and Kenmochi, N. (2009). 

Loss of ribosomal protein L11 affects zebrafish embryonic development 

through a p53-dependent apoptotic response. PLoS One 4: e4152. doi: 10. 

1371/journal. pone. 0004152 

Chan, A. C., Kadlecek, T. A., Elder, M. E., Filipovich, A. H., Kuo, W. L., 

Iwashima, M., et al. (1994). ZAP-70 deficiency in an autosomal recessive 

form of severe combined immunodeficiency. Science 264, 1599–1601. doi: 

10. 1126/science. 8202713 

Chien, S., Reiter, L. T., Bier, E., and Gribskov, M. (2002). Homophila: human 

disease gene cognates in Drosophila . Nucleic Acids Res. 30, 149–151. doi: 

10. 1093/nar/30. 1. 149 

Childs, S., Weinstein, B. M., Mohideen, M. A., Donohue, S., Bonkovsky, H., 

and Fishman, M. C. (2000). Zebrafish dracula encodes ferrochelatase and its 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 38

mutation provides a model for erythropoietic protoporphyria. Curr. Biol. 10, 

1001–1004. doi: 10. 1016/S0960-9822(00)00653-9 

Christie, T. L., Carter, A., Rollins, E. L., and Childs, S. J. (2010). Syk and Zap-

70 function redundantly to promote angioblast migration. Dev. Biol. 340, 22–

29. doi: 10. 1016/j. ydbio. 2010. 01. 011 

Chung, C. Y., Funamoto, S., and Firtel, R. A. (2001). Signaling pathways 

controlling cell polarity and chemotaxis. Trends Biochem. Sci. 26, 557–566. 

doi: 10. 1016/S0968-0004(01)01934-X 

Ciau-Uitz, A., Monteiro, R., Kirmizitas, A., and Patient, R. (2014). 

Developmental hematopoiesis: ontogeny, genetic programming and 

conservation. Exp. Hematol. 42, 669–683. doi: 10. 1016/j. exphem. 2014. 06.

001 

Culetto, E., and Sattelle, D. B. (2000). A role for Caenorhabditis elegans in 

understanding the function and interactions of human disease genes. Hum. 

Mol. Genet. 9, 869–877. doi: 10. 1093/hmg/9. 6. 869 

Cvejic, A., Hall, C., Bak-Maier, M., Flores, M. V., Crosier, P., Redd, M. J., et al. 

(2008). Analysis of WASp function during the wound inflammatory response–

live-imaging studies in zebrafish larvae. J. Cell Sci. 121(Pt 19), 3196–3206. 

doi: 10. 1242/jcs. 032235 

Dai, Y. M., Zhu, L., Huang, Z. B., Zhou, M. Y., Jin, W., Liu, W., et al. (2016). 

Cebp alpha is essential for the embryonic myeloid progenitor and neutrophil 

maintenance in zebrafish. J. Genet. Genomics 43, 593–600. doi: 10. 1016/j. 

jgg. 2016. 09. 001 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 39

Danilova, N., Sakamoto, K. M., and Lin, S. (2008). Ribosomal protein S19 

deficiency in zebrafish leads to developmental abnormalities and defective 

erythropoiesis through activation of p53 protein family. Blood 112, 5228–

5237. doi: 10. 1182/blood-2008-01-132290 

Danilova, N., Wilkes, M., Bibikova, E., Youn, M. Y., Sakamoto, K. M., and Lin, 

S. (2018). Innate immune system activation in zebrafish and cellular models 

of Diamond Blackfan Anemia. Sci. Rep. 8: 5165. doi: 10. 1038/s41598-018-

23561-6 

Davidson, A. J., and Zon, L. I. (2004). The ‘ definitive’ (and ‘ primitive’) guide 

to zebrafish hematopoiesis. Oncogene 23, 7233–7246. doi: 10. 1038/sj. onc. 

1207943 

de Jong, J. L., and Zon, L. I. (2005). Use of the zebrafish system to study 

primitive and definitive hematopoiesis. Annu. Rev. Genet. 39, 481–501. doi: 

10. 1146/annurev. genet. 39. 073003. 095931 

Deng, Q., Yoo, S. K., Cavnar, P. J., Green, J. M., and Huttenlocher, A. (2011). 

Dual roles for Rac2 in neutrophil motility and active retention in zebrafish 

hematopoietic tissue. Dev. Cell 21, 735–745. doi: 10. 1016/j. devcel. 2011. 

07. 013 

Derry, J. M., Ochs, H. D., and Francke, U. (1994). Isolation of a novel gene 

mutated in Wiskott-Aldrich syndrome. Cell 78, 635–644. doi: 10. 1016/0092-

8674(94)90528-2 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 40

Detrich, H. W. III, Westerfield, M., and Zon, L. I. (1999). Overview of the 

Zebrafish system. Methods Cell Biol. 59, 3–10. doi: 10. 1016/S0091-

679X(08)61816-6 

Devriendt, K., Kim, A. S., Mathijs, G., Frints, S. G., Schwartz, M., Van Den 

Oord, J. J., et al. (2001). Constitutively activating mutation in WASP causes X-

linked severe congenital neutropenia. Nat. Genet. 27, 313–317. doi: 10. 

1038/85886 

Dimitrova, N., Zamudio, J. R., Jong, R. M., Soukup, D., Resnick, R., Sarma, K., 

et al. (2014). LincRNA-p21 activates p21 in cis to promote Polycomb target 

gene expression and to enforce the G1/S checkpoint. Mol. Cell. 54, 777–790. 

doi: 10. 1016/j. molcel. 2014. 04. 025 

Dobson, J. T., Seibert, J., Teh, E. M., Da’as, S., Fraser, R. B., Paw, B. H., et al. 

(2008). Carboxypeptidase A5 identifies a novel mast cell lineage in the 

zebrafish providing new insight into mast cell fate determination. Blood 112, 

2969–2972. doi: 10. 1182/blood-2008-03-145011 

Doyon, Y., McCammon, J. M., Miller, J. C., Faraji, F., Ngo, C., Katibah, G. E., et 

al. (2008). Heritable targeted gene disruption in zebrafish using designed 

zinc-finger nucleases. Nat. Biotechnol. 26, 702–708. doi: 10. 1038/nbt1409 

Draptchinskaia, N., Gustavsson, P., Andersson, B., Pettersson, M., Willig, T. 

N., Dianzani, I., et al. (1999). The gene encoding ribosomal protein S19 is 

mutated in Diamond-Blackfan anaemia. Nat. Genet. 21, 169–175. doi: 10. 

1038/5951 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 41

Dupre, L., Marangoni, F., Scaramuzza, S., Trifari, S., Hernandez, R. J., Aiuti, 

A., et al. (2006). Efficacy of gene therapy for Wiskott-Aldrich syndrome using 

a WAS promoter/cDNA-containing lentiviral vector and nonlethal irradiation. 

Hum. Gene Ther. 17, 303–313. doi: 10. 1089/hum. 2006. 17. 303 

Dzeja, P. P., and Terzic, A. (2003). Phosphotransfer networks and cellular 

energetics. J. Exp. Biol. 206(Pt 12), 2039–2047. doi: 10. 1242/jeb. 00426 

Eisen, J. S., and Smith, J. C. (2008). Controlling morpholino experiments: 

don’t stop making antisense. Development 135, 1735–1743. doi: 10. 

1242/dev. 001115 

Elder, M. E., Lin, D., Clever, J., Chan, A. C., Hope, T. J., Weiss, A., et al. (1994).

Human severe combined immunodeficiency due to a defect in ZAP-70, a T 

cell tyrosine kinase. Science 264, 1596–1599. doi: 10. 1126/science. 

8202712 

Evers, M. M., Toonen, L. J. A., and van Roon-Mom, W. M. C. (2015). Antisense 

oligonucleotides in therapy for neurodegenerative disorders. Adv. Drug 

Deliv. Rev. 87, 90–103. doi: 10. 1016/j. addr. 2015. 03. 008 

Farrar, J. E., Vlachos, A., Atsidaftos, E., Carlson-Donohoe, H., Markello, T. C., 

Arceci, R. J., et al. (2011). Ribosomal protein gene deletions in Diamond-

Blackfan anemia. Blood 118, 6943–6951. doi: 10. 1182/blood-2011-08-

375170 

Firtel, R. A., and Chung, C. Y. (2000). The molecular genetics of chemotaxis: 

sensing and responding to chemoattractant gradients. Bioessays 22, 603–

615. doi: 10. 1002/1521-1878(200007)22: 7 <603:: AID-BIES3> 3. 0. CO; 2-#
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 42

Fischer, A., Hacein-Bey-Abina, S., and Cavazzana-Calvo, M. (2013). Gene 

therapy of primary T cell immunodeficiencies. Gene 525, 170–173. doi: 10. 

1016/j. gene. 2013. 03. 092 

Forrester, A. M., Berman, J. N., and Payne, E. M. (2012). Myelopoiesis and 

myeloid leukaemogenesis in the zebrafish. Adv. Hematol. 2012: 358518. doi:

10. 1155/2012/358518 

Foury, F. (1997). Human genetic diseases: a cross-talk between man and 

yeast. Gene 195, 1–10. doi: 10. 1016/S0378-1119(97)00140-6 

Galloway, J. L., Wingert, R. A., Thisse, C., Thisse, B., and Zon, L. I. (2005). 

Loss of gata1 but not gata2 converts erythropoiesis to myelopoiesis in 

zebrafish embryos. Dev. Cell 8, 109–116. doi: 10. 1016/j. devcel. 2004. 12. 

001 

Gazda, H. T., Preti, M., Sheen, M. R., O’Donohue, M. F., Vlachos, A., Davies, S.

M., et al. (2012). Frameshift mutation in p53 regulator RPL26 is associated 

with multiple physical abnormalities and a specific pre-ribosomal RNA 

processing defect in diamond-blackfan anemia. Hum. Mutat. 33, 1037–1044. 

doi: 10. 1002/humu. 22081 

Gerbaulet, A., Wickenhauser, C., Scholten, J., Peschke, K., Drube, S., Horny, 

H. P., et al. (2011). Mast cell hyperplasia, B-cell malignancy, and intestinal 

inflammation in mice with conditional expression of a constitutively active 

kit. Blood 117, 2012–2021. doi: 10. 1182/blood-2008-11-189605 

Golling, G., Amsterdam, A., Sun, Z., Antonelli, M., Maldonado, E., Chen, W., et

al. (2002). Insertional mutagenesis in zebrafish rapidly identifies genes 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 43

essential for early vertebrate development. Nat. Genet. 31, 135–140. doi: 10.

1038/ng896 

Gore, A. V., Athans, B., Iben, J. R., Johnson, K., Russanova, V., Castranova, D.,

et al. (2016). Epigenetic regulation of hematopoiesis by DNA methylation. 

eLife 5: e11813. doi: 10. 7554/eLife. 11813 

Gore, A. V., Pillay, L. M., Venero Galanternik, M., and Weinstein, B. M. (2018).

The zebrafish: a fintastic model for hematopoietic development and disease. 

Wiley Interdiscip. Rev. Dev. Biol. 7: e312. doi: 10. 1002/wdev. 312 

Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M., Kane, 

D. A., et al. (1996). The identification of genes with unique and essential 

functions in the development of the zebrafish, Danio rerio . Development 

123, 1–36. 

Haffter, P., and Nusslein-Volhard, C. (1996). Large scale genetics in a small 

vertebrate, the zebrafish. Int. J. Dev. Biol. 40, 221–227. 

Hanna, S., and Etzioni, A. (2012). Leukocyte adhesion deficiencies. Year 

Hum. Med. Genet. 1250, 50–55. doi: 10. 1111/j. 1749-6632. 2011. 06389. x 

Harvie, E. A., and Huttenlocher, A. (2015). Neutrophils in host defense: new 

insights from zebrafish. J. Leukoc. Biol. 98, 523–537. doi: 10. 1189/jlb. 

4MR1114-524R 

Heasman, J., Ginsberg, D., Geiger, B., Goldstone, K., Pratt, T., Yoshidanoro, 

C., et al. (1994). A functional test for maternally inherited cadherin in 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 44

xenopus shows its importance in cell-adhesion at the blastula stage. 

Development 120, 49–57. 

Herbomel, P., Thisse, B., and Thisse, C. (1999). Ontogeny and behaviour of 

early macrophages in the zebrafish embryo. Development 126, 3735–3745. 

Hernandez, P. A., Gorlin, R. J., Lukens, J. N., Taniuchi, S., Bohinjec, J., 

Francois, F., et al. (2003). Mutations in the chemokine receptor gene CXCR4 

are associated with WHIM syndrome, a combined immunodeficiency disease.

Nat. Genet. 34, 70–74. doi: 10. 1038/ng1149 

Hess, I., and Boehm, T. (2012). Intravital imaging of thymopoiesis reveals 

dynamic lympho-epithelial interactions. Immunity 36, 298–309. doi: 10. 

1016/j. immuni. 2011. 12. 016 

Hisano, Y., Sakuma, T., Nakade, S., Ohga, R., Ota, S., Okamoto, H., et al. 

(2015). Precise in-frame integration of exogenous DNA mediated by 

CRISPR/Cas9 system in zebrafish. Sci. Rep. 5: 8841. doi: 10. 1038/srep08841 

Hivroz, C., and Fischer, A. (1994). Immunodeficiency diseases. Multiple roles 

for ZAP-70. Curr. Biol. 4, 731–733. doi: 10. 1016/S0960-9822(00)00162-7 

Hoenig, M., Lagresle-Peyrou, C., Pannicke, U., Notarangelo, L. D., Porta, F., 

Gennery, A. R., et al. (2017). Reticular dysgenesis: international survey on 

clinical presentation, transplantation, and outcome. Blood 129, 2928–2938. 

doi: 10. 1182/blood-2016-11-745638 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 45

Hoenig, M., Pannicke, U., Gaspar, H. B., and Schwarz, K. (2018). Recent 

advances in understanding the pathogenesis and management of reticular 

dysgenesis. Br. J. Haematol. 180, 644–653. doi: 10. 1111/bjh. 15045 

Hoshijima, K., Jurynec, M. J., and Grunwald, D. J. (2016). Precise genome 

editing by homologous recombination. Methods Cell Biol. 135, 121–147. doi: 

10. 1016/bs. mcb. 2016. 04. 008 

Howe, D. G., Bradford, Y. M., Eagle, A., Fashena, D., Frazer, K., Kalita, P., et 

al. (2017). The zebrafish model organism database: new support for human 

disease models, mutation details, gene expression phenotypes and 

searching. Nucleic Acids Res. 45, D758–D768. doi: 10. 1093/nar/gkw1116 

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., 

et al. (2013). The zebrafish reference genome sequence and its relationship 

to the human genome. Nature 496, 498–503. doi: 10. 1038/nature12111 

Hruscha, A., Krawitz, P., Rechenberg, A., Heinrich, V., Hecht, J., Haass, C., et 

al. (2013). Efficient CRISPR/Cas9 genome editing with low off-target effects in

zebrafish. Development 140, 4982–4987. doi: 10. 1242/dev. 099085 

Huang, P., Xiao, A., Zhou, M., Zhu, Z., Lin, S., and Zhang, B. (2011). Heritable

gene targeting in zebrafish using customized TALENs. Nat. Biotechnol. 29, 

699–700. doi: 10. 1038/nbt. 1939 

Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Kaini, P., Sander, J. D., et al. 

(2013a). Heritable and precise zebrafish genome editing using a CRISPR-Cas 

system. PLoS One 8: e68708. doi: 10. 1371/journal. pone. 0068708 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 46

Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., et al. 

(2013b). Efficient genome editing in zebrafish using a CRISPR-Cas system. 

Nat. Biotechnol. 31, 227–229. doi: 10. 1038/nbt. 2501 

Irion, U., Krauss, J., and Nusslein-Volhard, C. (2014). Precise and efficient 

genome editing in zebrafish using the CRISPR/Cas9 system. Development 

141, 4827–4830. doi: 10. 1242/dev. 115584 

Iwanami, N. (2014). Zebrafish as a model for understanding the evolution of 

the vertebrate immune system and human primary immunodeficiency. Exp. 

Hematol. 42, 697–706. doi: 10. 1016/j. exphem. 2014. 05. 001 

Jao, L. E., Wente, S. R., and Chen, W. (2013). Efficient multiplex biallelic 

zebrafish genome editing using a CRISPR nuclease system. Proc. Natl. Acad. 

Sci. U. S. A. 110, 13904–13909. doi: 10. 1073/pnas. 1308335110 

Jin, H., Huang, Z. B., Chi, Y. L., Wu, M., Zhou, R. Y., Zhao, L. F., et al. (2016). 

c-Myb acts in parallel and cooperatively with Cebp1 to regulate neutrophil 

maturation in zebrafish. Blood 128, 415–426. doi: 10. 1182/blood-2015-12-

686147 

Jin, H., Li, L., Xu, J., Zhen, F. H., Zhu, L., Liu, P. P., et al. (2012). Runx1 

regulates embryonic myeloid fate choice in zebrafish through a negative 

feedback loop inhibiting Pu. 1 expression. Blood 119, 5239–5249. doi: 10. 

1182/blood-2011-12-398362 

Jin, H., Sood, R., Xu, J., Zhen, F., English, M. A., Liu, P. P., et al. (2009). 

Definitive hematopoietic stem/progenitor cells manifest distinct 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 47

differentiation output in the zebrafish VDA and PBI. Development 136, 647–

654. doi: 10. 1242/dev. 029637 

Jin, H., Xu, J., and Wen, Z. (2007). Migratory path of definitive hematopoietic 

stem/progenitor cells during zebrafish development. Blood 109, 5208–5214. 

doi: 10. 1182/blood-2007-01-069005 

Jones, R. A., Feng, Y., Worth, A. J., Thrasher, A. J., Burns, S. O., and Martin, P. 

(2013). Modelling of human Wiskott-Aldrich syndrome protein mutants in 

zebrafish larvae using in vivo live imaging. J. Cell Sci. 126(Pt 18), 4077–4084.

doi: 10. 1242/jcs. 128728 

Kadlecek, T. A., van Oers, N. S., Lefrancois, L., Olson, S., Finlay, D., Chu, D. 

H., et al. (1998). Differential requirements for ZAP-70 in TCR signaling and T 

cell development. J. Immunol. 161, 4688–4694. 

Kallikourdis, M., Viola, A., and Benvenuti, F. (2015). Human 

immunodeficiencies related to defective APC/T cell interaction. Front. 

Immunol. 6: 433. doi: 10. 3389/fimmu. 2015. 00433 

Karlsson, J., von Hofsten, J., and Olsson, P. E. (2001). Generating transparent 

zebrafish: a refined method to improve detection of gene expression during 

embryonic development. Mar. Biotechnol. 3, 522–527. doi: 10. 

1007/s1012601-0053-4 

Kawai, T., Choi, U., Cardwell, L., DeRavin, S. S., Naumann, N., Whiting-

Theobald, N. L., et al. (2007). WHIM syndrome myelokathexis reproduced in 

the NOD/SCID mouse xenotransplant model engrafted with healthy human 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 48

stem cells transduced with C-terminus-truncated CXCR4. Blood 109, 78–84. 

doi: 10. 1182/blood-2006-05-025296 

Kim, K., Ryu, S. M., Kim, S. T., Baek, G., Kim, D., Lim, K., et al. (2017). Highly 

efficient RNA-guided base editing in mouse embryos. Nat. Biotechnol. 35, 

435–437. doi: 10. 1038/nbt. 3816 

Kimura, Y., Hisano, Y., Kawahara, A., and Higashijima, S. (2014). Efficient 

generation of knock-in transgenic zebrafish carrying reporter/driver genes by

CRISPR/Cas9-mediated genome engineering. Sci. Rep. 4: 6545. doi: 10. 

1038/srep06545 

Kissa, K., and Herbomel, P. (2010). Blood stem cells emerge from aortic 

endothelium by a novel type of cell transition. Nature 464, 112–115. doi: 10. 

1038/nature08761 

Kissa, K., Murayama, E., Zapata, A., Cortes, A., Perret, E., Machu, C., et al. 

(2008). Live imaging of emerging hematopoietic stem cells and early thymus

colonization. Blood 111, 1147–1156. doi: 10. 1182/blood-2007-07-099499 

Klaiber, N., Kumar, S., and Irani, A. M. (2017). Mastocytosis in children. Curr. 

Allergy Asthma Rep. 17: 80. doi: 10. 1007/s11882-017-0748-4 

Kok, F. O., Shin, M., Ni, C. W., Gupta, A., Grosse, A. S., van Impel, A., et al. 

(2015). Reverse genetic screening reveals poor correlation between 

morpholino-induced and mutant phenotypes in zebrafish. Dev. Cell 32, 97–

108. doi: 10. 1016/j. devcel. 2014. 11. 018 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 49

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D. R. (2016). 

Programmable editing of a target base in genomic DNA without double-

stranded DNA cleavage. Nature 533, 420–424. doi: 10. 1038/nature17946 

Kondrychyn, I., Teh, C., Garcia-Lecea, M., Guan, Y., Kang, A., and Korzh, V. 

(2011). Zebrafish Enhancer TRAP transgenic line database ZETRAP 2. 0. 

Zebrafish 8, 181–182. doi: 10. 1089/zeb. 2011. 0718 

Lagresle-Peyrou, C., Six, E. M., Picard, C., Rieux-Laucat, F., Michel, V., Ditadi, 

A., et al. (2009). Human adenylate kinase 2 deficiency causes a profound 

hematopoietic defect associated with sensorineural deafness. Nat. Genet. 

41, 106–111. doi: 10. 1038/ng. 278 

Lai, K., Amsterdam, A., Farrington, S., Bronson, R. T., Hopkins, N., and Lees, J.

A. (2009). Many ribosomal protein mutations are associated with growth 

impairment and tumor predisposition in zebrafish. Dev. Dyn. 238, 76–85. doi:

10. 1002/dvdy. 21815 

Langenau, D. M., Traver, D., Ferrando, A. A., Kutok, J. L., Aster, J. C., Kanki, J. 

P., et al. (2003). Myc-induced T cell leukemia in transgenic zebrafish. Science

299, 887–890. doi: 10. 1126/science. 1080280 

Langheinrich, U. (2003). Zebrafish: a new model on the pharmaceutical 

catwalk. Bioessays 25, 904–912. doi: 10. 1002/bies. 10326 

Lavandeira, A. (2002). Orphan drugs: legal aspects, current situation. 

Haemophilia 8, 194–198. doi: 10. 1046/j. 1365-2516. 2002. 00643. x 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 50

Lennartsson, J., and Ronnstrand, L. (2012). Stem cell factor receptor/c-Kit: 

from basic science to clinical implications. Physiol. Rev. 92, 1619–1649. doi: 

10. 1152/physrev. 00046. 2011 

Leon, C., Dupuis, A., Gachet, C., and Lanza, F. (2016). The contribution of 

mouse models to the understanding of constitutional thrombocytopenia. 

Haematologica 101, 896–908. doi: 10. 3324/haematol. 2015. 139394 

Li, J., Zhang, B. B., Ren, Y. G., Gu, S. Y., Xiang, Y. H., Huang, C., et al. (2015). 

Intron targeting-mediated and endogenous gene integrity-maintaining 

knockin in zebrafish using the CRISPR/Cas9 system. Cell Res. 25, 634–637. 

doi: 10. 1038/cr. 2015. 43 

Li, L., Jin, H., Xu, J., Shi, Y., and Wen, Z. (2011). Irf8 regulates macrophage 

versus neutrophil fate during zebrafish primitive myelopoiesis. Blood 117, 

1359–1369. doi: 10. 1182/blood-2010-06-290700 

Marathe, B. M., Prislovsky, A., Astrakhan, A., Rawlings, D. J., Wan, J. Y., and 

Strom, T. S. (2009). Antiplatelet antibodies in WASP(-) mice correlate with 

evidence of increased in vivo platelet consumption. Exp. Hematol. 37, 1353–

1363. doi: 10. 1016/j. exphem. 2009. 08. 007 

Matsson, H., Davey, E. J., Draptchinskaia, N., Hamaguchi, I., Ooka, A., 

Leeven, P., et al. (2004). Targeted disruption of the ribosomal protein S19 

gene is lethal prior to implantation. Mol. Cell. Biol. 24, 4032–4037. doi: 10. 

1128/MCB. 24. 9. 4032-4037. 2004 

Matsson, H., Davey, E. J., Frojmark, A. S., Miyake, K., Utsugisawa, T., Flygare, 

J., et al. (2006). Erythropoiesis in the Rps19 disrupted mouse: analysis of 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 51

erythropoietin response and biochemical markers for Diamond-Blackfan 

anemia. Blood Cells Mol. Dis. 36, 259–264. doi: 10. 1016/j. bcmd. 2005. 12. 

002 

McGowan, K. A., Li, J. Z., Park, C. Y., Beaudry, V., Tabor, H. K., Sabnis, A. J., et

al. (2008). Ribosomal mutations cause p53-mediated dark skin and 

pleiotropic effects. Nat. Genet. 40, 963–970. doi: 10. 1038/ng. 188 

McGowan, K. A., and Mason, P. J. (2011). Animal models of Diamond Blackfan

anemia. Semin. Hematol. 48, 106–116. doi: 10. 1053/j. seminhematol. 2011. 

02. 001 

Meng, X., Noyes, M. B., Zhu, L. J., Lawson, N. D., and Wolfe, S. A. (2008). 

Targeted gene inactivation in zebrafish using engineered zinc-finger 

nucleases. Nat. Biotechnol. 26, 695–701. doi: 10. 1038/nbt1398 

Meyer, A., and Van de Peer, Y. (2005). From 2R to 3R: evidence for a fish-

specific genome duplication (FSGD). Bioessays 27, 937–945. doi: 10. 

1002/bies. 20293 

Mirabello, L., Macari, E. R., Jessop, L., Ellis, S. R., Myers, T., Giri, N., et al. 

(2014). Whole-exome sequencing and functional studies identify RPS29 as a 

novel gene mutated in multicase Diamond-Blackfan anemia families. Blood 

124, 24–32. doi: 10. 1182/blood-2013-11-540278 

Mommaerts, H., Esguerra, C. V., Hartmann, U., Luyten, F. P., and 

Tylzanowski, P. (2014). Smoc2 modulates embryonic myelopoiesis during 

zebrafish development. Dev. Dyn. 243, 1375–1390. doi: 10. 1002/dvdy. 

24164 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 52

Monteiro, R., Pouget, C., and Patient, R. (2011). The gata1/pu. 1 lineage fate 

paradigm varies between blood populations and is modulated by tif1 

gamma. EMBO J. 30, 1093–1103. doi: 10. 1038/emboj. 2011. 34 

Moore, F. E., and Langenau, D. M. (2012). Through the looking glass: 

visualizing leukemia growth, migration, and engraftment using fluorescent 

transgenic zebrafish. Adv. Hematol. 2012: 478164. doi: 10. 

1155/2012/478164 

Moore, J. C., Mulligan, T. S., Torres Yordan, N., Castranova, D., Pham, V. N., 

Tang, Q., et al. (2016). T cell immune deficiency in zap70 mutant zebrafish. 

Mol. Cell Biol. [Epub ahead of print]. doi: 10. 1128/MCB. 00281-16 

Moreno-Mateos, M. A., Fernandez, J. P., Rouet, R., Vejnar, C. E., Lane, M. A., 

Mis, E., et al. (2017). CRISPR-Cpf1 mediates efficient homology-directed 

repair and temperature-controlled genome editing. Nat. Commun. 8: 2024. 

doi: 10. 1038/s41467-017-01836-2 

Mukherjee, S., and Thrasher, A. J. (2013). Gene therapy for PIDs: progress, 

pitfalls and prospects. Gene 525, 174–181. doi: 10. 1016/j. gene. 2013. 03. 

098 

Murayama, E., Kissa, K., Zapata, A., Mordelet, E., Briolat, V., Lin, H. F., et al. 

(2006). Tracing hematopoietic precursor migration to successive 

hematopoietic organs during zebrafish development. Immunity 25, 963–975. 

doi: 10. 1016/j. immuni. 2006. 10. 015 

Nasevicius, A., and Ekker, S. C. (2000). Effective targeted gene ‘ knockdown’ 

in zebrafish. Nat. Genet. 26, 216–220. doi: 10. 1038/79951 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 53

Negishi, I., Motoyama, N., Nakayama, K., Nakayama, K., Senju, S., 

Hatakeyama, S., et al. (1995). Essential role for ZAP-70 in both positive and 

negative selection of thymocytes. Nature 376, 435–438. doi: 10. 

1038/376435a0 

North, T. E., and Zon, L. I. (2003). Modeling human hematopoietic and 

cardiovascular diseases in zebrafish. Dev. Dyn. 228, 568–583. doi: 10. 

1002/dvdy. 10393 

Oates, A. C., Bruce, A. E., and Ho, R. K. (2000). Too much interference: 

injection of double-stranded RNA has nonspecific effects in the zebrafish 

embryo. Dev. Biol. 224, 20–28. doi: 10. 1006/dbio. 2000. 9761 

O’Brien, K. A., Farrar, J. E., Vlachos, A., Anderson, S. M., Tsujiura, C. A., 

Lichtenberg, J., et al. (2017). Molecular convergence in ex vivo models of 

Diamond-Blackfan anemia. Blood 129, 3111–3120. doi: 10. 1182/blood-2017-

01-760462 

Ochs, H. D., and Thrasher, A. J. (2006). The Wiskott-Aldrich syndrome. J. 

Allergy Clin. Immunol. 117, 725–738; quiz739. doi: 10. 1016/j. jaci. 2006. 02. 

005 

Ohno, S. (1970). Evolution by Gene Duplication. New York, NY: Springer. doi: 

10. 1007/978-3-642-86659-3 

Oshima, K., Saiki, N., Tanaka, M., Imamura, H., Niwa, A., Tanimura, A., et al. 

(2018). Human AK2 links intracellular bioenergetic redistribution to the fate 

of hematopoietic progenitors. Biochem. Biophys. Res. Commun. 497, 719–

725. doi: 10. 1016/j. bbrc. 2018. 02. 139 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 54

Ott de Bruin, L. M., Volpi, S., and Musunuru, K. (2015). Novel genome-editing 

tools to model and correct primary immunodeficiencies. Front. Immunol. 6: 

250. doi: 10. 3389/fimmu. 2015. 00250 

Pai, S. Y., Logan, B. R., Griffith, L. M., Buckley, R. H., Parrott, R. E., Dvorak, C. 

C., et al. (2014). Transplantation outcomes for severe combined 

immunodeficiency, 2000-2009. N. Engl. J. Med. 371, 434–446. doi: 10. 

1056/NEJMoa1401177 

Pannicke, U., Honig, M., Hess, I., Friesen, C., Holzmann, K., Rump, E. M., et al.

(2009). Reticular dysgenesis (aleukocytosis) is caused by mutations in the 

gene encoding mitochondrial adenylate kinase 2. Nat. Genet. 41, 101–105. 

doi: 10. 1038/ng. 265 

Pauli, A., Montague, T. G., Lennox, K. A., Behlke, M. A., and Schier, A. F. 

(2015). Antisense oligonucleotide-mediated transcript knockdown in 

zebrafish. PLoS One 10: e0139504. doi: 10. 1371/journal. pone. 0139504 

Postlethwait, J., Amores, A., Cresko, W., Singer, A., and Yan, Y. L. (2004). 

Subfunction partitioning, the teleost radiation and the annotation of the 

human genome. Trends Genet. 20, 481–490. doi: 10. 1016/j. tig. 2004. 08. 

001 

Postlethwait, J., Amores, A., Force, A., and Yan, Y. L. (1999). The zebrafish 

genome. Methods Cell Biol. 60, 149–163. doi: 10. 1016/S0091-

679X(08)61898-1 

Puck, J. M., and Candotti, F. (2006). Lessons from the Wiskott-Aldrich 

syndrome. N. Engl. J. Med. 355, 1759–1761. doi: 10. 1056/NEJMp068209 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 55

Puy, H., Gouya, L., and Deybach, J. C. (2010). Porphyrias. Lancet 375, 924–

937. doi: 10. 1016/S0140-6736(09)61925-5 

Ran, F. A., Hsu, P. D., Lin, C. Y., Gootenberg, J. S., Konermann, S., Trevino, A. 

E., et al. (2013). Double nicking by RNA-guided CRISPR Cas9 for enhanced 

genome editing specificity. Cell 154, 1380–1389. doi: 10. 1016/j. cell. 2013. 

08. 021 

Rastogi, S., and Liberles, D. A. (2005). Subfunctionalization of duplicated 

genes as a transition state to neofunctionalization. BMC Evol. Biol. 5: 28. doi: 

10. 1186/1471-2148-5-28 

Reiter, L. T., Potocki, L., Chien, S., Gribskov, M., and Bier, E. (2001). A 

systematic analysis of human disease-associated gene sequences in 

Drosophila melanogaster . Genome Res. 11, 1114–1125. doi: 10. 1101/gr. 

169101 

Rhodes, J., Hagen, A., Hsu, K., Deng, M., Liu, T. X., Look, A. T., et al. (2005). 

Interplay of pu. 1 and gata1 determines myelo-erythroid progenitor cell fate 

in zebrafish. Dev. Cell 8, 97–108. doi: 10. 1016/j. devcel. 2004. 11. 014 

Richard, E., Robert-Richard, E., Ged, C., Moreau-Gaudry, F., and de Verneuil, 

H. (2008). Erythropoietic porphyrias: animal models and update in gene-

based therapies. Curr. Gene Ther. 8, 176–186. doi: 10. 

2174/156652308784746477 

Rissone, A., Foglia, E., Sangiorgio, L., Cermenati, S., Nicoli, S., Cimbro, S., et 

al. (2012). The synaptic proteins beta-neurexin and neuroligin synergize with

extracellular matrix-binding vascular endothelial growth factor a during 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 56

zebrafish vascular development. Arterioscler. Thromb. Vasc. Biol. 32, 1563–

1572. doi: 10. 1161/ATVBAHA. 111. 243006 

Rissone, A., Weinacht, K. G., la Marca, G., Bishop, K., Giocaliere, E., 

Jagadeesh, J., et al. (2015). Reticular dysgenesis-associated AK2 protects 

hematopoietic stem and progenitor cell development from oxidative stress. J.

Exp. Med. 212, 1185–1202. doi: 10. 1084/jem. 20141286 

Robertson, A. L., Avagyan, S., Gansner, J. M., and Zon, L. I. (2016). 

Understanding the regulation of vertebrate hematopoiesis and blood 

disorders - big lessons from a small fish. FEBS Lett. 590, 4016–4033. doi: 10. 

1002/1873-3468. 12415 

Robu, M. E., Larson, J. D., Nasevicius, A., Beiraghi, S., Brenner, C., Farber, S. 

A., et al. (2007). p53 activation by knockdown technologies. PLoS Genet. 3: 

e78. doi: 10. 1371/journal. pgen. 0030078 

Rossi, A., Kontarakis, Z., Gerri, C., Nolte, H., Holper, S., Kruger, M., et al. 

(2015). Genetic compensation induced by deleterious mutations but not 

gene knockdowns. Nature 524, 230–233. doi: 10. 1038/nature14580 

Ruzicka, L., Bradford, Y. M., Frazer, K., Howe, D. G., Paddock, H., 

Ramachandran, S., et al. (2015). ZFIN, The zebrafish model organism 

database: updates and new directions. Genesis 53, 498–509. doi: 10. 

1002/dvg. 22868 

Sabri, S., Foudi, A., Boukour, S., Franc, B., Charrier, S., Jandrot-Perrus, M., et 

al. (2006). Deficiency in the Wiskott-Aldrich protein induces premature 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 57

proplatelet formation and platelet production in the bone marrow 

compartment. Blood 108, 134–140. doi: 10. 1182/blood-2005-03-1219 

Sander, J. D., Cade, L., Khayter, C., Reyon, D., Peterson, R. T., Joung, J. K., et 

al. (2011). Targeted gene disruption in somatic zebrafish cells using 

engineered TALENs. Nat. Biotechnol. 29, 697–698. doi: 10. 1038/nbt. 1934 

Santoriello, C., and Zon, L. I. (2012). Hooked! Modeling human disease in 

zebrafish. J. Clin. Invest. 122, 2337–2343. doi: 10. 1172/JCI60434 

Schaffer, A. A., and Klein, C. (2013). Animal models of human granulocyte 

diseases. Hematol. Oncol. Clin. North Am. 27, 129–148, ix. doi: 10. 1016/j. 

hoc. 2012. 10. 005 

Shearer, W. T., Dunn, E., Notarangelo, L. D., Dvorak, C. C., Puck, J. M., Logan,

B. R., et al. (2014). Establishing diagnostic criteria for severe combined 

immunodeficiency disease (SCID), leaky SCID, and Omenn syndrome: the 

Primary Immune Deficiency Treatment Consortium experience. J. Allergy 

Clin. Immunol. 133, 1092–1098. doi: 10. 1016/j. jaci. 2013. 09. 044 

Six, E., Lagresle-Peyrou, C., Susini, S., De Chappedelaine, C., Sigrist, N., 

Sadek, H., et al. (2015). AK2 deficiency compromises the mitochondrial 

energy metabolism required for differentiation of human neutrophil and 

lymphoid lineages. Cell Death Dis. 6: e1856. doi: 10. 1038/cddis. 2015. 211 

Sood, R., English, M. A., Belele, C. L., Jin, H., Bishop, K., Haskins, R., et al. 

(2010). Development of multilineage adult hematopoiesis in the zebrafish 

with a runx1 truncation mutation. Blood 115, 2806–2809. doi: 10. 

1182/blood-2009-08-236729 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 58

Sood, R., and Liu, P. (2012). Novel insights into the genetic controls of 

primitive and definitive hematopoiesis from zebrafish models. Adv. Hematol. 

2012: 830703. doi: 10. 1155/2012/830703 

Stainier, D. Y., Kontarakis, Z., and Rossi, A. (2015). Making sense of anti-

sense data. Dev. Cell 32, 7–8. doi: 10. 1016/j. devcel. 2014. 12. 012 

Stainier, D. Y. R., Raz, E., Lawson, N. D., Ekker, S. C., Burdine, R. D., Eisen, J. 

S., et al. (2017). Guidelines for morpholino use in zebrafish. PLoS Genet. 13: 

e1007000. doi: 10. 1371/journal. pgen. 1007000 

Strynatka, K. A., Gurrola-Gal, M. C., Berman, J. N., and McMaster, C. R. 

(2018). How surrogate and chemical genetics in model organisms can 

suggest therapies for human genetic diseases. Genetics 208, 833–851. doi: 

10. 1534/genetics. 117. 300124 

Symington, L. S., and Gautier, J. (2011). Double-strand break end resection 

and repair pathway choice. Annu. Rev. Genet. 45, 247–271. doi: 10. 

1146/annurev-genet-110410-132435 

Tamplin, O. J., Durand, E. M., Carr, L. A., Childs, S. J., Hagedorn, E. J., Li, P., et 

al. (2015). Hematopoietic stem cell arrival triggers dynamic remodeling of 

the perivascular niche. Cell 160, 241–252. doi: 10. 1016/j. cell. 2014. 12. 032

Taylor, A. M., Humphries, J. M., White, R. M., Murphey, R. D., Burns, C. E., and

Zon, L. I. (2012). Hematopoietic defects in rps29 mutant zebrafish depend 

upon p53 activation. Exp. Hematol. 40, 228–237. doi: 10. 1016/j. exphem. 

2011. 11. 007 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 59

Thisse, C., and Thisse, B. (2008). High-resolution in situ hybridization to 

whole-mount zebrafish embryos. Nat. Protoc. 3, 59–69. doi: 10. 1038/nprot. 

2007. 514 

Tian, Y., Xu, J., Feng, S., He, S., Zhao, S., Zhu, L., et al. (2017). The first wave 

of T lymphopoiesis in zebrafish arises from aorta endothelium independent of

hematopoietic stem cells. J. Exp. Med. 214, 3347–3360. doi: 10. 1084/jem. 

20170488 

Timme-Laragy, A. R., Karchner, S. I., and Hahn, M. E. (2012). Gene 

knockdown by morpholino-modified oligonucleotides in the zebrafish ( Danio 

rerio ) model: applications for developmental toxicology. Methods Mol. Biol. 

889, 51–71. doi: 10. 1007/978-1-61779-867-2_5 

Tsai, S. Q., Wyvekens, N., Khayter, C., Foden, J. A., Thapar, V., Reyon, D., et 

al. (2014). Dimeric CRISPR RNA-guided FokI nucleases for highly specific 

genome editing. Nat. Biotechnol. 32, 569–576. doi: 10. 1038/nbt. 2908 

Tutois, S., Montagutelli, X., Dasilva, V., Jouault, H., Rouyerfessard, P., 

Leroyviard, K., et al. (1991). Erythropoietic protoporphyria in the house 

mouse - a recessive inherited ferrochelatase deficiency with anemia, 

photosensitivity, and liver-disease. J. Clin. Invest. 88, 1730–1736. doi: 10. 

1172/JCI115491 

Uchiyama, T., Adriani, M., Jagadeesh, G. J., Paine, A., and Candotti, F. (2012). 

Foamy virus vector-mediated gene correction of a mouse model of Wiskott-

Aldrich syndrome. Mol. Ther. 20, 1270–1279. doi: 10. 1038/mt. 2011. 282 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 60

Uechi, T., Nakajima, Y., Chakraborty, A., Torihara, H., Higa, S., and Kenmochi,

N. (2008). Deficiency of ribosomal protein S19 during early embryogenesis 

leads to reduction of erythrocytes in a zebrafish model of Diamond-Blackfan 

anemia. Hum. Mol. Genet. 17, 3204–3211. doi: 10. 1093/hmg/ddn216 

Varshney, G. K., Lu, J., Gildea, D. E., Huang, H., Pei, W., Yang, Z., et al. 

(2013). A large-scale zebrafish gene knockout resource for the genome-wide 

study of gene function. Genome Res. 23, 727–735. doi: 10. 1101/gr. 151464. 

112 

Varshney, G. K., Pei, W., LaFave, M. C., Idol, J., Xu, L., Gallardo, V., et al. 

(2015a). High-throughput gene targeting and phenotyping in zebrafish using 

CRISPR/Cas9. Genome Res. 25, 1030–1042. doi: 10. 1101/gr. 186379. 114 

Varshney, G. K., Sood, R., and Burgess, S. M. (2015b). Understanding and 

editing the zebrafish genome. Adv. Genet. 92, 1–52. doi: 10. 1016/bs. adgen.

2015. 09. 002 

Vlachos, A., Rosenberg, P. S., Atsidaftos, E., Alter, B. P., and Lipton, J. M. 

(2012). Incidence of neoplasia in Diamond Blackfan anemia: a report from 

the Diamond Blackfan Anemia Registry. Blood 119, 3815–3819. doi: 10. 

1182/blood-2011-08-375972 

Walters, K. B., Green, J. M., Surfus, J. C., Yoo, S. K., and Huttenlocher, A. 

(2010). Live imaging of neutrophil motility in a zebrafish model of WHIM 

syndrome. Blood 116, 2803–2811. doi: 10. 1182/blood-2010-03-276972 

Wang, H., Kadlecek, T. A., Au-Yeung, B. B., Goodfellow, H. E., Hsu, L. Y., 

Freedman, T. S., et al. (2010). ZAP-70: an essential kinase in T-cell signaling. 
https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 61

Cold Spring Harb. Perspect. Biol. 2: a002279. doi: 10. 1101/cshperspect. 

a002279 

Wang, H., Long, Q., Marty, S. D., Sassa, S., and Lin, S. (1998). A zebrafish 

model for hepatoerythropoietic porphyria. Nat. Genet. 20, 239–243. doi: 10. 

1038/3041 

Wang, P., Sachar, M., Guo, G. L., Shehu, A. I., Lu, J., Zhong, X. B., et al. 

(2018). Liver metabolomics in a mouse model of erythropoietic 

protoporphyria. Biochem. Pharmacol. 154, 474–481. doi: 10. 1016/j. bcp. 

2018. 06. 011 

Wheeler, T. M., Leger, A. J., Pandey, S. K., MacLeod, A. R., Nakamori, M., 

Cheng, S. H., et al. (2012). Targeting nuclear RNA for in vivo correction of 

myotonic dystrophy. Nature 488, 111–115. doi: 10. 1038/nature11362 

White, R. M., Sessa, A., Burke, C., Bowman, T., LeBlanc, J., Ceol, C., et al. 

(2008). Transparent adult zebrafish as a tool for in vivo transplantation 

analysis. Cell Stem Cell 2, 183–189. doi: 10. 1016/j. stem. 2007. 11. 002 

Wienholds, E., Schulte-Merker, S., Walderich, B., and Plasterk, R. H. (2002). 

Target-selected inactivation of the zebrafish rag1 gene. Science 297, 99–

102. doi: 10. 1126/science. 1071762 

Xu, J., Wang, T., Wu, Y., Jin, W., and Wen, Z. (2016). Microglia colonization of 

developing zebrafish midbrain is promoted by apoptotic neuron and 

lysophosphatidylcholine. Dev. Cell 38, 214–222. doi: 10. 1016/j. devcel. 

2016. 06. 018 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 62

Xu, J., Zhu, L., He, S., Wu, Y., Jin, W., Yu, T., et al. (2015). Temporal-spatial 

resolution fate mapping reveals distinct origins for embryonic and adult 

microglia in zebrafish. Dev. Cell 34, 632–641. doi: 10. 1016/j. devcel. 2015. 

08. 018 

Yang, C. T., Cambier, C. J., Davis, J. M., Hall, C. J., Crosier, P. S., and 

Ramakrishnan, L. (2012). Neutrophils exert protection in the early 

tuberculous granuloma by oxidative killing of mycobacteria phagocytosed 

from infected macrophages. Cell Host Microbe 12, 301–312. doi: 10. 1016/j. 

chom. 2012. 07. 009 

Zappulla, J. P., Dubreuil, P., Desbois, S., Letard, S., Hamouda, N. B., and 

Daeron, M. (2005). Mastocytosis in mice expressing human Kit receptor with 

the activating Asp816Val mutation. J. Exp. Med. 202, 1635–1641. doi: 10. 

1016/j. chom. 2012. 07. 009 

Zhang, J., Houston, D. W., King, M. L., Payne, C., Wylie, C., and Heasman, J. 

(1998). The role of maternal VegT in establishing the primary germ layers in 

Xenopus embryos. Cell 94, 515–524. doi: 10. 1016/S0092-8674(00)81592-5 

Zhang, Y., Ear, J., Yang, Z., Morimoto, K., Zhang, B., and Lin, S. (2014). 

Defects of protein production in erythroid cells revealed in a zebrafish 

Diamond-Blackfan anemia model for mutation in RPS19. Cell Death Dis. 5: 

e1352. doi: 10. 1038/cddis. 2014. 318 

Zhang, Y., Huang, H., Zhang, B., and Lin, S. (2016). TALEN- and CRISPR-

enhanced DNA homologous recombination for gene editing in zebrafish. 

Methods Cell Biol. 135, 107–120. doi: 10. 1016/bs. mcb. 2016. 03. 005 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/



 Rare genetic blood disease modeling in z... – Paper Example  Page 63

Zhang, Y., Qin, W., Lu, X., Xu, J., Huang, H., Bai, H., et al. (2017). 

Programmable base editing of zebrafish genome using a modified CRISPR-

Cas9 system. Nat. Commun. 8: 118. doi: 10. 1038/s41467-017-00175-6 

Zhang, Y., and Yeh, J. R. (2012). In vivo chemical screening for modulators of 

hematopoiesis and hematological diseases. Adv. Hematol. 2012: 851674. 

doi: 10. 1155/2012/851674 

Zhang, Y., Zhang, Z., and Ge, W. (2018). An efficient platform for generating 

somatic point mutations with germline transmission in the zebrafish by 

CRISPR/Cas9-mediated gene editing. J. Biol. Chem. 293, 6611–6622. doi: 10. 

1074/jbc. RA117. 001080 

Zon, L. (2016). Modeling human diseases: an education in interactions and 

interdisciplinary approaches. Dis. Model. Mech. 9, 597–600. doi: 10. 

1242/dmm. 025882 

https://assignbuster.com/rare-genetic-blood-disease-modeling-in-zebrafish/


	Rare genetic blood disease modeling in zebrafish
	Introduction
	Animal Models to Study Genetic Diseases
	Zebrafish as an Animal Model
	Zebrafish as a Tool to Study Human Diseases
	Knockdown Approach to Study Gene Function
	Zebrafish Genome Editing Tools

	Zebrafish Hematopoiesis
	Zebrafish Primitive Hematopoiesis
	Zebrafish Prodefinitive Hematopoiesis
	Zebrafish Definitive and Adult Hematopoiesis


	Zebrafish Models of Blood Disease
	Zebrafish Erythroid and Myeloid Models of Disease
	Diamond–Blackfan Anemia
	Erythropoietic Protoporphyria
	Systemic Mastocytosis

	Zebrafish Models of Primary Immunodeficiencies
	Reticular Dysgenesis
	Wiskott–Aldrich Syndrome
	WHIM Syndrome
	Chronic Granulomatous Disease
	Leukocyte Adhesion Deficiency
	ZAP70 Deficiency


	Conclusion and Future Perspectives
	Author Contributions
	Funding
	Conflict of Interest Statement
	References


