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ABSTRACT OF THE DISSERTATION 

 

A Comparison of Morphant and Mutant Phenotypes:  
The Role of Snail2 in Hematopoietic Stem Cell Specification 

 

by 

 

Cara Elizabeth Bickers 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2018 

 

Professor David Traver, Chair 

 

Hematopoietic stem cells (HSCs) supply an organism’s entire blood repertoire for 

its lifespan. This capacity makes HSCs an ideal source of treatment for hematopoietic 

diseases including leukemia, lymphoma, and anemia; however, the most common 

source of these life-saving cells is from an immune-matched donor. Even with a rare 

positive match, the chance of rejection due to Graft-versus-Host disease too often leads 

to patient illness and death. A major goal of regenerative medicine is to avoid the need 
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for donor tissue by producing HSCs via in vitro differentiation from a multipotent 

progenitor. Ultimately, this progenitor population will be a patient-derived induced 

pluripotent stem cell (iPSC); however, current protocols have not yet successfully 

differentiated a therapeutic grade HSC from an embryonic stem cell. In vitro derived 

HSCs still fail to engraft well with full mulitlineage potential. True HSCs are still only 

produced successfully during embryogenesis. At this time, a specialized population of 

aortic endothelial cells undergo an endothelial-to-hematopoietic transition (EHT), during 

which they bud from the ventral floor of the aorta and enter circulation. Before EHT can 

occur, the precursors of the HSC must be properly instructed by their environment to 

initiate and sustain the hematopoietic program. This process involves many different 

embryonic tissues each of which provide specific spatial and temporal signaling cues. 

Our lack of full understanding of this complex process in the developing embryo is likely 

the reason for failed in vitro differentiation techniques. Thus, we must look to 

embryogenesis in model organisms to better instruct our laboratory protocols.  

 In this dissertation, we first review what is known about the dynamic environment 

of the HSC precursor including the different tissues and signals that are known to 

instruct HSC identity. We then proceed to our analysis of the role of the zinc-finger 

transcription factor Snail2 in zebrafish HSC specification. This gene was identified via a 

genomic study of stromal cell lines known to support hematopoietic stem and progenitor 

cells (HSPCs) in vitro.  Further study in zebrafish identified that loss of snai2 transcript 

caused a defect in embryonic hematopoiesis. Our goal was to further elucidate the 

cause of this defect by a combination of both genetic knock-down and knock-out. Our 

results show that while genetic knock-down via morpholino suggests an essential role of 
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snai2 in the somitic HSC niche, mutant alleles of this gene do not generate a detectable 

phenotype. This contradiction in our data suggests two things. Either our knock-down 

approach leads to off-target or toxic effects in the embryo with a downstream 

consequence of loss of HSC specification, or our mutants possess an innate quality that 

compensates for the loss of Snail2. Recent studies have in fact shown that certain 

mutations lead to genetic compensation by other similar factors, abrogating the 

phenotype of the acute loss-of-function provided by morpholino knock-down. At this 

point, our studies point more strongly towards the snai2 morpholino causing an off-

target effect; however, further work is necessary to fully elucidate the true cause of this 

dichotomy. 
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Introduction  

Hematopoietic stem cells (HSCs) are a unique population of adult stem cells that 

continually replenish all types of terminally differentiated blood cells. This unique ability 

makes HSCs exploitable for treatment of hematopoietic disorders such as anemia and 

leukemia; however, these transplants are limited by a paucity of HLA matched bone 

marrow donors(1). Furthermore, transplants have limited success rates due to immune 

rejection. Therefore, one major aim of regenerative medicine is to generate an 

alternative source of HSCs by reprogramming patient fibroblasts into induced 

pluripotent stem cells(2), and ultimately into self-renewing blood stem cells. 

Unfortunately, differentiation of therapeutically viable HSCs in vitro is not yet 

possible(3). The only instance in which bona fide HSCs are produced de novo is from 

the ventral floor of the dorsal aorta during embryogenesis(4–9). Fortuitously, this 

process has become further elucidated as studies of embryonic development in model 

organisms have added to our understanding of the complex spatial and temporal cues 

of HSC development in vivo.  

During embryogenesis, HSCs arise from the hemogenic endothelium (HE), a 

unique population of aortic endothelial cells(4–9). Before these cells enter circulation 

and begin their life as a committed HSC, their precursors have interacted with a 

dynamic niche of various cell types and signaling cascades. The precursor of the HSC 

begins its commitment process within the posterior lateral mesoderm (PLM), a single 

stripe of many within the posterior mesoderm(10). Cells within the PLM are destined to 

create the entire trunk vasculature, as well as the hematopoietic system; however, it is 

unclear at what point these two cell types acquire their unique identities. Studies show 
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that during the journey to the midline, the cells undergo a difference in signaling inputs, 

partially due to their surrounding environment(11). When the cells reach the midline, the 

environment continues to control aortic versus hematopoietic identity, maintain the 

initiated hematopoietic program, and help drive the endothelial-to-hematopoietic 

transition (EHT)(12–15).  

The fact both the endothelial and hemogenic endothelial cells experience similar 

niches throughout development, and yet acquire such different fates illustrates the tight 

control that exists in their signaling environment. Until we truly understand the signaling 

differences and how early the divergence begins, this will be near impossible to 

replicate in a simple cell culture dish. Currently, the most successful in vitro techniques 

utilize a homogenous environment to help differentiate hematopoietic cells, aided by 

either a single layer of supportive stromal cells(16) or direct cellular reprogramming(17). 

However, we do not yet know the complete repertoire of intracellular changes 

orchestrated by the HSC-precursor environment. Thus we are likely failing to create the 

microenvironment essential for propagation of true HSCs. The improvement of in vitro 

scaffolding techniques(18) could lead to an interesting new horizon for constructing a 

more supportive niche for in vitro differentiation. These techniques are already being 

applied to adult HSC expansion(19). However, we must define all of the niche tissues 

and the signaling they provide before these techniques can be applied with strongest 

effect.  

Since studies within human embryos are rare, the majority of our knowledge of 

the embryonic HSC and HSC-precursor niche has been defined in mouse, chicken, and 

zebrafish model systems. Below we will provide a review of the tissues which are 
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involved in HSC specification and maintenance during development, and a summary of 

the signaling that they provide.    

 

Local Tissue and Aortic Polarity  

 When studies first noted the association of hematopoietic clusters within the 

embryonic aorta, they also noted that this association was restricted to the ventral side 

of the vasculature(8, 20–22). This discovery prompted the hypothesis that the tissues 

surrounding the aorta drive a polarity across the vessel, giving the roof a more 

endothelial identity, and the floor a more hematopoietic one. Further study of the 

surrounding tissue displayed that indeed a polarity is created by opposing effects of the 

notochord and sub-aortic mesenchyme(13, 14). Murine stromal lines derived from the 

sub-aortic mesenchyme revealed that b-NGF (a neurotrophic factor), MIP-1g (a C–C 

chemokine family member), and Bmp4 (a TGF-b family member) are secreted as HSC 

supportive factors(12). Furthermore, Bmp4, via Smad1, was identified to upregulate 

expression of the hematopoietic transcription factor runx1, which is essential to 

EHT(23). Study of these surrounding tissues also displayed the strict temporal 

regulation of the same signaling pathways throughout development. For example, 

Hedgehog (Hh) signaling was found to provide both inductive(13) and repressive(14) 

hematopoietic signals. Early Hh signaling is required for establishment of aortic identity, 

an upstream process essential for later HSC specification; however, later Hh signaling 

provided by the notochord exerts a repressive force on hematopoietic identity, 

preventing HSCs from arising in the nearby aortic roof. Another example of highly 

temporally controlled signaling was discovered while studying Bmp4 regulation in the 
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zebrafish. Early on in HSC specification, somitic FGF is as a positive regulator of 

downstream HSC specification(24); however, within the aortic region, FGF acts to 

negatively repress Bmp4 expression and thus subsequent hematopoietic runx1 

activation(25). This repression occurs by direct repression of sub-aortic Bmp4, as well 

as by increasing expression of the Bmp antagonists noggin2 and gremlin1a in the 

nearby somite. These examples of signaling dichotomy, in both localization and timing, 

demonstrate the complexity of the cues provided by the embryonic HSC niche. This 

same complexity is difficult to replicate in an in vitro system that lacks this precise 

localization and timing control of in vivo embryogenesis.  

 While the subaortic mesenchyme provides perhaps the simplest option for a 

source of HSC support in vitro, these studies have shown that a delicate interplay 

occurs between opposing tissue to regulate polarity of the dorsal aorta. While some of 

this polarity has been defined, it is possible that unknown mechanisms are also at play 

to help specify HSCs. Thus, it may be necessary to replicate this opposition in culture to 

successfully instruct a bona fide HSC.  

 

Somitic Contribution 

 Another niche that has been studied extensively in the field of zebrafish 

hematopoiesis is the somite. Before the aorta is formed, HSC and endothelial 

precursors migrate from the PLM to the midline and pass under the somite, intimately 

interacting with the most ventral cells of this tissue(11). This interaction is essential for 

activating Notch signaling in the migrating HSC-precursors, as shown by a failure of 

Notch activation when the adherence proteins Jam1a and Jam2a are absent from the 
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PLM and/or somites, respectively(11). These adherence proteins keep the cells in 

contact so that somitic notch ligands, DeltaC and DeltaD, interact and activate the 

receptors found on the PLM. This Notch signal is essential to HSC specification and 

identity and implies that hematopoietic identity may be initiated before the tissues 

surrounding the aorta are involved.  

 Upstream of dlc and dld expression there is a complex intrasomitic signaling 

cascade that must be tightly regulated to drive expression of these Notch ligands. Near 

the top of this cascade is the non-canonical Wnt signaling ligand Wnt16(26). 

Downstream of Wnt16, Fibroblast Growth Factor signaling is required to help relay the 

signal to induce dlc expression(24). The Notch3 receptor has also been shown to be 

required for HSC specification, and expression of this receptor is controlled by the 

Wnt16-DeltaC/DeltaD cascade(27). Loss of function studies of this receptor and Wnt16 

have shown that the somitic compartment known as the sclerotome is lost in both 

cases(26, 27). Either specification or morphogenesis of this compartment is at least 

partially controlled by this same signaling cascade, and it has been proposed that it also 

plays a role in HSC specification. That precise role is yet to be determined, but there are 

two main hypotheses. Given its ventral localization within the somite, its interaction with 

the migrating PLM could be essential to hematopoietic identity; however, its requirement 

in this process has not been extricated from the role of dlc/dld signaling. Cells from 

within the somite are also known to migrate and provide the smooth muscle cells of the 

aorta in both chicken and mice(28, 29). It has been suggested that the sclerotome may 

complete a similar migration and provide support for the aortic HSCs; however, this has 

yet to be supported.  
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 The somites have also been shown to provide supportive signals for the 

developing HSC outside of the Notch signaling pathway. One study has shown that 

precisely timed canonical Wnt signaling, via Wnt9a, is provided by the somitic 

tissue(30). This signal increases expression of the cell cycle regulator myca, within the 

already specified aortic HSCs, leading to their proliferation within the aortic region. 

Somite derived retinoic acid (RA) also has an effect on downstream hematopoiesis, as 

shown by loss of the hematopoietic stem and progenitor marker cmyb in embryos 

deficient for the predominant RA synthesis enzyme; however, the actual mechanism of 

its action is unclear(31).  

 One final interesting role that the somites have been shown to play in embryonic 

hematopoiesis is dependent on migration of cells from a somitic compartment termed 

the endotome(15). Cells from this compartment migrate and integrate into the aorta, 

providing localized signaling supportive of HSC expansion. One of these signals is 

cxcl12b, an ortholog of mammalian cxcl12, known to positively regulate hematopoiesis 

in the bone marrow. A separate study also found that somite derived cells migrate to the 

caudal hematopoietic tissue, where they are essential to maturation of the 

hematopoietic niche and consequently the maintenance and differentiation of HSCs(32).  

 These studies in the zebrafish have shown the somite to play an essential and 

complex role in embryonic hematopoiesis, both at the point of specification and during 

expansion/maintenance. These results have yet to be replicated in the mammalian 

system. Thus, at this point in time it is difficult to say whether the requirement of the 

somite is evolutionarily conserved. Nevertheless, it is likely that the signaling provided 
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by these cells is important and could be provided by another similar mesoderm derived 

tissue.  

 

Contribution of the Nervous System   

 Thus far, the tissues discussed within the embryonic HSC niche have been 

predominantly derived from the mesoderm; however, recent studies have indicated a 

role for tissue derived from the neuro-ectoderm as well. One study in mouse found that 

cells of the sympathetic nervous system localized in the aorta-gonad mesonephros 

(AGM) region provide catecholamine to developing HSCs, and allow them to undergo 

EHT(33). This role in early hematopoiesis was also noted in the zebrafish system.  Live 

imaging displayed that neural crest migration from its dorsal origin leads it to a close 

interaction with the developing aorta, and thus the HSCs(34). This close interaction 

appears to be essential for HSC specification as mutants with failed neural crest 

migration lacked expression of aortic runx1. While it was shown that the migration event 

is either permitted or instructed by active platelet-derived growth factor (Pdgf) signaling, 

the cues provided by the neural crest to the HSCs were not yet elucidated. Interestingly, 

in contrast to the study in mouse, the zebrafish study found that catecholamine 

signaling was not involved in HSC specification; however, this does not rule out a later 

role in HSC emergence and maintenance.  Although the factor responsible for 

hematopoietic induction is unknown, it has been shown in the adult murine 

hematopoietic niche that neural crest derived cells are an important contributor of cxcl12 

(35). This ligand is an important factor in HSC maintenance in the bone marrow. 

Although the embryonic specification niche and adult maintenance niche differ 
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temporally, functionally, and anatomically, the presence of neural crest derived tissue in 

both regions suggests a similar HSC transduction program. Elucidation of the neural 

derived embryonic hematopoietic induction signals could be essential to improving in 

vitro culturing techniques.  

 

The Niche and the Dish  

 As alluded to numerous times in this discussion, taking the discoveries made in 

studies of embryonic hematopoiesis in vivo is essential to honing our techniques of in 

vitro HSC differentiation. Although there is a huge demand for patient-matched HSCs 

for treatment of hematopoietic disorders and cancers, our in vitro specification protocols 

are still incapable of producing treatment-grade HSCs(3). All current techniques 

produce HSC-like cells that range in their repopulation capacity and ability to 

differentiate into all blood lineages(17, 36–43). On top of this, the techniques with the 

best repopulation ability often utilize enforced expression of hematopoietic transcription 

factors: a dangerous method for application in human disease(36, 39, 40).  

 One example of applying information learned in the model embryo to humans is 

in the case of the endothelial origin of HSCs. Rare studies within the human embryo 

have actually shown the same EHT(44), and transition through an endothelial identity is 

an essential part of a successful in vitro HSC differentiation(17, 45). Additionally, 

signaling pathways, including Wnt, BMP, and FGF, necessary for in vivo HSC 

development have been found to positively regulate HSC differentiation from human 

embryonic stem cells(45–48). As we identify more signaling molecules essential for 

HSC specification, emergence, and maintenance, they can also be introduced into 
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differentiation protocols; however, a molecule by molecule approach has the possibility 

of missing the unknown. An interesting, but distant alternative is to more accurately 

model the ontogeny of an HSC in a three-dimensional way. A recent study has shown 

that by using a three-dimensional scaffold, the co-culture of extraembryonic trophoblast 

cells with embryonic stem cells provided the instructions necessary to form the early 

stages of embryonic development: a feat embryonic stem cells in culture alone are 

incapable of completing(18). While these early stages of the embryo are comparatively 

simplistic to the embryo at E9-11.5 when HSCs are created de novo, this indicates that 

if the correct culture environment is determined, perhaps the environment of an HSC 

could be modeled as well. If the correct tissues, as identified by studies of zebrafish and 

mouse, were included, they could provide the HSC with all the instruction necessary 

without restricting it to a limited cytokine “soup”. Of course, advancements like this are 

still far off, but it is interesting to postulate on what in vitro systems will be like in the 

future.  

 

From in vitro back to in vivo 

 The discussion above has highlighted the importance of in vivo study of 

embryogenesis to better educate in vitro differentiation techniques; however, this 

process can also be reversed to help us learn more about development. A recent study 

utilized a set of stromal cell lines characterized to either support or not support 

hematopoietic stem and progenitor cells in culture to learn more about the HSC 

niche(49). The lines were all derived from sites of murine in vivo hematopoiesis 

including the AGM, fetal liver, and bone marrow. By comparing the transcriptomes of 
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these two stromal groups, the upregulated genes in the more supportive cell lines were 

identified and the effect of their loss-of-function was tested in zebrafish. Near the top of 

this list was the gene snai2/slug. This gene produces one of three family members 

within the Snail Transcription Factor Family which includes Snail1/Snail (duplicated in 

teleosts), Snail2/Slug, and Snail3/Smuc. All three of these factors have a simplistic 

structure consisting of an N-terminal Snail/Gfi (SNAG) domain, and a C-terminal set of 

zinc-fingers, with the addition of a central SLUG domain in Snail2(50, 51).  Gene 

specificity of these proteins are controlled by the zinc finger domains of which Snail1 

has four while Snail2 and Snail3 have five. The best described genetic targets of these 

proteins are genes involved in induction of the epithelial-to-mesenchymal transition 

(EMT), including the cell adherence protein E-cadherin(52, 53). Interestingly, the zinc-

fingers of Snail1 and Snail2 do confer different binding efficiency to E-cadherin, thus 

indicating that these transcription factors have different affinity to their targets. The N-

terminal domains of the Snail family act to recruit repressor molecules including co-

repressors and histone deacetylases which act via chromatin modifications(50, 54–56). 

In Snail2, the SNAG and SLUG domains work together to specifically recruit the co-

repressors nuclear receptor co-repressor 1 (NCoR1) and C-terminal binding protein 1 

(CtBP1). Simultaneously, these regions are essential to protein stability and the SNAG 

domain is required for induction of Snail2 mediated EMT(56).  

 The increased level of snai2 in the supportive stromal cell lines led to the 

hypothesis that EMT regulation may be an essential component of HSC niche 

construction in vivo. There are many points at which migration is an essential 

component of HSC interaction with its niche. As mentioned previously, the PLM must 
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migrate beneath the somites to the embryonic midline and along the way receives 

inductive hematopoietic cues(11). Additionally, cells from within the somites themselves 

have been reported to emigrate and enter the aorta, providing important cues for HSC 

maintenance(15). Third, the neural crest was recently reported to migrate down to the 

aorta where it aids in HSC specification(34). Furthermore, there are other potential 

unidentified migrations including that of the eventual sub-aortic mesenchyme, a tissue 

essential to emergence of the HSC from the aorta. A final event, that is not actually a 

migration, and yet bears similarities to EMT, is that of EHT. As the cells bud from the 

aorta, they lose endothelial characteristics including morphological changes: flat, 

immobile endothelial cells with strong cell-cell contacts, lose contact with neighboring 

cells and enter circulation. In parallel, EMT consists of flat, immobile cells with strong 

cell-cell contacts that convert into loosely-organized, migratory cells with stem cell-like 

properties. While mechanisms of EMT are best studied in events such as gastrulation, 

neural crest delamination, and heart valve formation, this does not preclude them from 

also being involved in these hematopoietic niche events(57, 58). Furthermore, Snail2 

acts in genetic control outside of EMT including induction of Wnt/BMP signaling. Thus, 

the protein could also function in a completely undefined way to help instruct the 

hematopoietic niche(59).  

Although the role of Snail family members has�been explored in murine 

hematopoiesis, limitations of in�utero development have precluded the elucidation 

of�role(s) played by these factors in HSC specification.�Due to defects in mesoderm 

formation, snai1-/- mice are�lethal prior to HSC development(60). Conditional 

mutants�were used to determine that while Snai1 has a�repressive role on Notch 
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signaling in the endothelium,�no early phenotype was observed in hematopoietic 

progenitors; however, these experiments failed to address the role of Snai1 in the 

emerging HSCs(61). Vasculature defects prevent hematopoietic analysis in the 

endothelial specific deletions, and mice with a hematopoietic specific deletion appear 

normal; however, the hematopoietic-specific transgenic driver used in this study drives 

deletion after HSC emergence. Snai2-/-  mice display hematopoietic defects including 

macrocytic anemia and impaired T-cell maturation; however, no defects in HSC 

specification, emergence, or differentiation have been reported(62, 63). Outside of 

embryogenesis, snai2 deletion has been shown to cell-intrinsically protect 

hematopoietic cells from apoptosis(63, 64), likely due to blocking self-renewal and 

differentiation(62, 65). Fatal lymphoid dysfunction is also seen when snai2 and snai3 

are both absent, suggesting a redundant role of the two factors within murine 

hematopoiesis(66–68).   

Interestingly, snai2 loss-of-function in zebrafish impairs embryonic HSC 

development(49). While this is contradictory to the preliminary studies in mouse, the 

phenotype was strong enough to warrant further study.  In the chapter that follows, a 

detailed analysis is compiled of both genetic knock-down and loss-of-function of snai2 in 

zebrafish. While the goal was to further elucidate the role of snai2 in the embryonic 

hematopoietic niche, the data may cause further convolution. Knock-down experiments 

suggest a vital role of Snail2 within the somite, leading to a down-regulation of the HSC 

inductive notch ligands dlc and dld, as well as sclerotome specific markers. This leads 

to an absence of Notch activity in the aorta, and a failure of HSC specification. 

However, two mutant alleles of snai2 fail to display hematopoietic phenotypes. Thus, 
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the importance of Snail2 is left in question. This leads to a discussion of knock-down 

versus knock-out studies in the zebrafish model system, which is considered further in 

chapter three. While the goal was to assess genetic control of the hematopoietic niche, 

the data supports the need for careful consideration of both acute knock-down and 

genetic knock-out in all loss-of-function studies.  

 

Figure 1.1: Migratory events potentially dependent on EMT.  
Origin and final localization of the tissues which form the HSC-supportive niche. The left panels show the 
position of the somites, posterior lateral mesoderm (PLM), neural crest, and ventral mesoderm (VM) at 14 
hpf (A,B). Transverse section at 14 hpf (B). The right panel shows the position of these tissues at ~30 hpf, 
after the vascular cord has formed (C,D). Transverse section of embryo at 30 hpf depicts the trunk 
vasculature derived from the PLM; neural crest derivatives, sub-aortic mesenchyme derived from the 
ventral mesoderm; and somitic derivatives (*) integrated into the aorta (D). A single HE cell is shown 
emerging from the wall of the aorta (inset). A, aorta; M, mesenchyme; V, vein. 
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Abstract  

Snail2 is a zinc-finger transcription factor best known to repress expression of 

genes encoding cell adherence proteins to facilitate induction of the epithelial-to-

mesenchymal transition. While this role has been best documented in the 

developmental migration of the neural crest and mesoderm, here we expand on 

previously reported preliminary findings that morpholino knock-down of snai2 impairs 

the generation of hematopoietic stem cells (HSCs) during zebrafish development. We 

demonstrate that snai2 morphants fail to initiate HSC specification and show defects in 

the somitic niche of migrating HSC precursors. These defects include a reduction in 

sclerotome markers as well as in the Notch ligands dlc and dld, which are known to be 

essential components of HSC specification. Accordingly, enforced expression of the 

Notch1-intracellular domain was capable of rescuing HSC specification in snai2 

morphants. To parallel our approach, we obtained two mutant alleles of snai2. In 

contrast to the morphants, homozygous mutant embryos displayed no defects in HSC 

specification or in sclerotome development, and mutant fish survive into adulthood. 

However, when these homozygous mutants were injected with snai2 morpholino, HSCs 

were improperly specified. In summary, our morpholino data support a role for Snai2 in 

HSC development, whereas our mutant data suggest that Snai2 is dispensable for this 

process. Together, these findings further support the need for careful consideration of 

both morpholino and mutant phenotypes in studies of gene function.  
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Introduction 

 The small pool of hematopoietic stem cells (HSCs) derived during 

embryogenesis gives rise to the lifelong supply of all blood cells. HSCs are derived from 

the ventral wall of the dorsal aorta through a process referred to as the endothelial-to-

hematopoietic transition (EHT)(1–6). Before this event can occur, however, HSC 

precursors are directed by a complex cascade of signaling events. During development, 

both hematopoietic and endothelial precursors, which are derived from posterior lateral 

mesoderm (PLM), migrate beneath the somites to the embryonic midline to form the 

trunk vasculature(7, 8). During this migration, the somites provide instructional cues, 

including canonical Wnt(9) and Notch signaling(7, 10, 11), which culminate in specifying 

the cellular identity of hemogenic endothelium. Upstream of these signals, there is a 

complex network of other intrasomitic signaling events, including non-canonical Wnt and 

FGF signaling(10, 12). In addition, specific compartments of the somites, including the 

sclerotome(10, 11) and endotome(13), have also been identified as essential players in 

embryonic hematopoiesis. This is likely due to the compartmental specific relays 

required during the complex signaling cascade that forms the developmental HSC 

niche, a process that is incompletely understood. Further understanding of the niche will 

contribute to a major goal in regenerative medicine: reproducing the proper supportive 

environment for HSC instruction in vitro(14).  

 Using a genomics based approach, we previously identified snai2 as upregulated 

in stromal cell lines supportive of HSCs in vitro(15). The Snail family of zinc-finger 

transcriptional repressors includes three members: snai1/snail, snai2/slug, and 

snai3/smuc(16, 17). These repressors play critical roles during the epithelial-to-
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mesenchymal transition (EMT), and have been best studied in processes including 

gastrulation, neural crest delamination, and heart valve formation(18, 19). Snail2 has 

been shown to cell-intrinsically protect adult hematopoietic progenitor cells from 

radiation induced apoptosis(20), likely due to blocking self-renewal and proliferation(21). 

Snai2-/- mice develop macrocytic anemia and impaired T-cell maturation; however, no 

defects in HSC specification, emergence, or differentiation have been reported(22). In 

addition, redundancy of the Snail family in the hematopoietic system has been 

implicated, since the combined loss of Snai2 and Snai3, but not loss of either gene 

alone, leads to fatal lymphoid dysfunction(23, 24). 

 To investigate snai2 function in zebrafish, we used morpholino knock-down and 

mutant zebrafish alleles, where we identified inconsistencies between mutants predicted 

to have Snail2 loss of function and animals subjected to morpholino knock down— a 

phenomenon also observed by groups targeting other genes(25–29).  Our knock down 

studies support a requirement for Snai2 in HSC development, upstream of Notch 

signaling, likely by promoting sclerotome formation. However, our mutant studies 

suggest that Snai2 is dispensable during HSC development, and that the Snai2 

morpholino may have off-target or toxic effects. Overall, the discrepancies we observed 

between morpholinos and genetic mutants support the need to review and revise use 

guidelines for both morpholinos and mutants, as has been suggested by other 

groups(28, 30).  
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Materials and Methods 

Zebrafish Husbandry 

Zebrafish were maintained and propagated as previously described(31) in 

accordance with University of California at San Diego Institutional Animal Care and Use 

Committee (IACUC) guidelines, according to standard protocols. Embryos and adult fish 

were raised in a circulating aquarium system (Aquaneering) at 28°C. All anesthesia was 

completed with 100 mg/L Tricaine solution, and euthanasia of adult fish was completed 

with an ice slurry. The following zebrafish strains were used: wildtype AB*, 

Tg(CD41:GFP)(32), Tg(kdrl:mCherry)(33), Tg(Gata2b:Gal4/UAS:LA-GFP)(34), 

Tg(actc1b:GFP)(35), Tg(TP1:GFP)um14 (36), Tg(5xUAE-E1b:6xMYC-notch1a)kca3 (37) 

referred to as Tg(UAS:NICD-myc) for simplification, Tg(kdrl:miniGal4)(11), snai2sa24539 

(38), snai2112D, and p53-/- (39). The deletion mutant of snai2 was produced utilizing the 

CRISPR/Cas9 genomic editing system. gRNAs were designed utilizing the CHOP-

CHOP web-tool and coninjected with Cas9 mRNA, as previously described (40–42). A 

112 base pair deletion, predicted to result in frame-shift and early termination was 

isolated and propagated for studies.  

Whole Mount in situ Hybridization (WISH) and histology  

WISH and double fluorescent WISH were conducted as previously described(12, 

43), using established DIG-labelled or fluorescein labelled anti-sense RNA probes 

including runx1, foxc1b, dlc, dld, cmyb, gata1, fli1a, kdrl, dll4, cdh17, rag1, and jam2(7, 

10). Antisense probes for snai2, snai1a, snai1b, and pax9 were designed to target the 

entire coding region. Following WISH, selected embryos were processed for 

cryosectioning, according to standard procedures on the Leica CM1860 Cryostat at 10 
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µm thickness. WISH and Cryosections were imaged on a DFC295 digital camera using 

the Leica FireCam Software. All confocal images of double fluorescent in situ 

hybridization and fluorescent transgenic embryos were obtained with a Leica SP5 

inverted confocal microscope (Leica Microsystems). 

Microinjections of mRNA and Morpholino 

Embryos were injected at the one-cell stage with morpholino oligonucleotides 

(MOs, GeneTools) and/or mRNA. Antisense MOs were used at the following 

concentrations: 10 ng snai2 splice-block MO (SB MO)(15, 44) and 0.75 ng snai2 5’UTR 

MO (UTR MO). Capped mRNA was synthesized from linearized pCS2+ constructs using 

the mMessage mMachine SP6 Transcription Kit (ambion, AM1340), according to 

manufacturer’s recommendations. Full length snai2 mRNA was injected into embryos at 

150 ng/μl.  

Cell Sorting and Real-Time Quantitative PCR (qPCR) 

Double transgenic Tg(CD41:GFP/kdrl:mCherry) or Tg(actc1b:GFP) embryos 

were prepared for flow cytometry at 48 hpf and 17 hpf, respectively as previously 

described(45). Single, live cells were sorted on a FACSAria II and collected for RNA 

extraction. Total RNA was extracted from pools of embryos via TRIzol (Ambion) and 

sorted cells using the RNEasy Mini Kit (Qiagen, 74104), cDNA was synthesized using 

iScript gDNA Clear cDNA Synthesis Kit (Bio-Rad), and RT-qPCR reactions were 

performed using SYBR Green (Bio-Rad) and a Bio-Rad CFX96 real time system 

according to the manufacturer’s instructions. The expression of housekeeping genes 

ef1a and b-Actin were used to normalize using the ΔΔCt method. Primer sequences are 

listed in Table 1.  
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Table 1: qPCR Primers 

Gene Forward Reverse 

bactin cgtctggatctagctggtcgtga caatttctctttcggctgtggtg 

cmyb agagggtgaaagaaatcgag actgaaacaacaatgccaac 

dlc acgagcagtgtgtgtaa tgttattctctgttgactgg 

dld agtactgcacagaacc tcttggttacagaagag 

ef1a gagaagttcgagaaggaagc cgtagtatttgctggtctcg 

kdrl ctcctgtacagcaaggaatg atctttgggcaccttatagc 

meox  ggcttttaccaaagagcaac  tttgaaaccacactttcacc 

snai1a tgaagatgcacatccgctc gttacagtgtgggcaggag 

snai1b tatccctccatgcttgtgtg tcatcctcctctccactgct 

snai2 accgaattatagtgaactggaga actgttatgggattgtacggc 

snai3 cacacaggtgagaaacaatt ttgatctcagagtgggtttg 

twist1b aatcatccccactttaccttc gtgagcaacataactacaactt 

 

Immunohistochemistry (IHC)  

NICD expression was confirmed using immunohistochemistry was completed 

with anti-c-myc antibody (1:1000, BioLegend) post-WISH, as previously reported(46). 

Embryos were imaged for GFP fluorescence on the AxioZoom.V16 (Zeiss), followed by 

brightfield imaging on the Leica MZ16.  

Snai2112D  and Snai2sa24539 Genotyping 

Snai2112D  were generated as described above and genotyped using the following 

primers: forward 5’-ATGTGACCTGTCAAAGTATGGC-3’ and reverse 5’- 

TACACAAACCGCACTGAAACTT-3’. Zebrafish embryos with a nonsense point 

mutation in the second exon of snai2 were obtained from the Zebrafish International 

Resource Center (ZIRC)(38). The single nucleotide polymorphism (SNP) specific 
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genotyping primers, designed as previously described(47), used are as follows: forward 

5’- CACATCCTCTAATAAGGACCACAGCGGT-3’ and reverse 5’- 

GCTTCATGAGTCCCGAATACGTGTTG-3’.  

Whole Kidney Marrow Analysis 

Zebrafish kidneys were prepared for flow cytometry as previously described(48) 

and resuspended in 1x PBS with 1% fetal bovine serum. Samples were analyzed on a 

BD LSR II Flow Cytometer to separate cellular fractions by size and granularity as 

previously described(49).  

 

Results 

Snai2 is expressed in the embryonic hematopoietic niche  

 To explore the role of Snail2 in embryonic hematopoiesis, its expression pattern 

was observed via whole-mount in situ hybridization (WISH) throughout early 

development. At 14 hours post fertilization (hpf), when the PLM has not yet begun its 

migration to the midline, snai2 is highly expressed in the nervous system, somites, and 

an outer stripe of the mesoderm (Fig 1A). This general expression pattern continues 

throughout somitogenesis, with somitic expression becoming localized to the most 

ventral portion of the somites (Figs 1B-G), the tissue that most closely contacts 

migrating HSC precursors. At both 14 hpf (pre-migration) and 24 hpf (post-migration), 

snai2 transcript showed no colocalization with the endothelial markers fli1a or etsrp via 

double fluorescent in situ hybridization (Figs 1H and I). QPCR from FACS purified 

hematopoietic stem and progenitor cells (HSPCs) and endothelial cells at 48 hpf 

demonstrated that snai2 was not enriched in either population, as compared to all other 
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cells in the embryo (Fig 1I, S1 Fig), suggesting that Snai2 function is not required cell-

intrinsically. 

Snai2 Morpholinos lead to a depletion of HSPCs  

 We confirmed splicing defects using a previously reported splice blocking (SB) 

morpholino targeting the exon2-intron2 junction (Fig 2A, S1 Fig). The resulting 

misspliced gene product was sequenced to predict the amino acid sequence and 

protein structure, which indicated that the SB transcript should produce a protein 

truncated just beyond the first zinc finger (Figs 2B and C)(15, 44). The loss of the 

majority of the zinc-finger domains is expected to prevent DNA binding, and thus protein 

function. WISH for runx1, a marker of HSC commitment, indicated a decrease of HSCs 

in the dorsal aorta at 26 hpf, which could be rescued using an exogenous, SB-resistant 

snai2 mRNA (Fig 3A). Furthermore, by 48 hpf, there was also a significant decrease of 

HSCs in the SB morphants, as assessed by confocal imaging of gata2b reporter 

embryos (Figs 3B and C).  

The requirement for Snai2 in the derivation of endothelial cells was assessed 

using WISH for markers of the PLM (fli1a; S2 Fig) and the trunk vasculature (fli1a, kdrl; 

S2 Fig), which were normal. Primitive hematopoiesis appeared normal (gata1; S3 Fig). 

Additionally, the formation of the pronephros, which will develop into the adult 

hematopoietic niche, appeared normal (cdh17; S3 Fig).  

 These results were recapitulated using a translation blocking (ATG) morpholino 

(Fig 2A), which also resulted in a decrease in HSC specification at 26 hpf (Fig 3A). ATG 

morphants had a similar decrease in emerging HSPCs in Tg-HSC animals (S4 Fig). 

Levels of the hematopoietic marker cmyb in the caudal hematopoietic tissue at 48 hpf 
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were also reduced, as previously reported in the SB morphants (S4 Fig). Taken 

together with the mRNA rescue and SB morpholino data, these results suggest that 

both morpholinos specifically target snai2. We completed our further studies using the 

SB morpholino alone.  

Snai2 Morphants display sclerotome defects 
 
 The combined observations of loss of early HSC specification in snai2 morphants 

and high snai2 expression in the ventral somites suggested that Snai2 may function in 

the sclerotome, which is known to be involved in HSC specification(10, 11). Indeed 

snai2 morphants lacked pax9 (sclerotome marker) staining in their posterior somites, 

though pax9 expression was unaffected in the most anterior somites (Fig 4A). 

Morphants also displayed a decrease in twist1b (sclerotome marker) transcripts by 

qPCR in sorted somitic cells, whereas levels of meox (pan-somitic marker) were 

unaffected (Fig 4B). This suggests that the sclerotome compartment of posterior 

somites is specifically affected by loss of snai2. Supporting this, the structure of the 

sclerotome was disrupted in SB MO embryos, as assessed by foxc1b (Figs 4C and D), 

while myoD (myogenic marker) expression was induced normally (Fig 4D), further 

supporting the specificity of Snai2 function. Altogether, these analyses indicate that 

snai2 morphants have a defect in sclerotome formation that could directly affect the 

downstream specification and maintenance of HSCs.  

Snai2 morphants display defective Notch signaling  

 Notch signaling plays multiple essential roles in the specification of the HSC(50), 

and the ventral somites have been shown to be one source of this activity(7), which 

ultimately culminates in aortic Notch signaling during HSC emergence. While early 

Notch activity in the PLM was normal in morphants (Data not shown), 26 hpf morphants 
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lacked aortic Notch activity (Figs 5A and B). However, aortic identity was partially 

spared, as morphants had normal levels of aortic dll4 and dlc (S5 Fig). This suggests 

that loss of snai2 leads to loss of aortic Notch activity and HSCs. Indeed, endothelial-

specific expression of the Notch1 intracellular domain was able to rescue loss of HSCs 

in snai2 morphants (Fig 5C; S5 Fig), suggesting that Notch signaling lies downstream of 

Snai2 function.  

 The data above suggested that snai2 deficient somites may be defective in Notch 

ligand production. In this regard, morphants were deficient for dlc and dld in the anterior 

somites (Fig 5D). These results were confirmed by qPCR on somitic cells (Fig 5E) and 

double fluorescent in situ for dld and myoD (S5 Fig). The SB morphants also have 

normal expression of the adherence protein jam2a, indicating that although Notch 

ligands are not presented properly from the somites, this tissue is still capable of closely 

interacting with the migrating PLM(7) (S5 Fig). Altogether, these data suggest that 

somitic snai2 is required for dlc and dld expression, which is necessary for downstream 

Notch activity in HSC precursors.  

Generation of a Snail2 Mutant Zebrafish  

To test the effect of total Snail2 loss of function, we generated a mutant using 

CRISPR/Cas9 to induce a mutation in the second exon of the gene (Fig 6A). The 

resulting zebrafish line possessed a 112 base pair deletion in the coding region, which 

is predicted to cause a frameshift, early stop codon, and truncated protein (Fig 6B). The 

truncated protein is predicted to lack function due to the loss of the SLUG recruitment 

domain and all DNA binding motifs (Fig 6C). We also obtained an ENU-derived mutant 
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predicted to cause a truncated protein lacking most of the zinc finger domains (Figs 6A-

C).  

Snai2112D/112D and snai2 sa24539/ sa24539 do not display defects in HSC specification or 
Sclerotome formation  
 
 In contrast to morphants, there was no difference in the early specification 

marker runx1 or the later hematopoietic marker cmyb in either snai2112D/112D or snai2 

sa24539/ sa24539 embryos (Figs 7A and B). The mutants also showed normal levels of the T-

cell marker rag1 (S6 Fig), suggesting normal embryonic HSPC differentiation capacity. 

Additionally, sclerotome formation was normal in both mutant lines, as assayed by 

expression of foxc1b (Fig 7C). Finally, there was no significant difference in emerging 

HSCs in Tg-HSC animals harboring the snai2112D/112D mutation (Figs 7D and E). 

Altogether, these results indicated that embryonic hematopoiesis was normal in both 

snai2 mutants. 

Snai2112D mutants survive to adulthood with healthy Whole Kidney Marrow 

 The zebrafish kidney is the site of adult hematopoiesis, akin to mammalian bone 

marrow. Different cellular fractions were assayed by flow cytometry for size and 

granularity, where we found that wildtype, heterozygotes, and morphants had 

statistically similar cellular distributions, consistent with a lack of defects in embryonic 

hematopoiesis (Figs 8A and  B). However, there is a slight trend towards less erythroid 

and lymphoid cells within the mutants, similar to the defects found in adult snai2 mutant 

mice, which may suggest that this function is conserved.  

Investigating the discrepancy between Morphant and Mutant Phenotypes  

 Since recent studies have shown that permanent genomic disruption of a gene 

can lead to enhanced expression of similar genes(51), we examined the expression of 
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all members of the Snail transcription factor family. WISH for both zebrafish orthologues 

of snai1 at the time of PLM migration onset showed similar levels of expression in 

wildtype, heterozygous, and mutant embryos (Fig 9A). However, at 26 hpf, qPCR 

displayed a 1.5 to 2 fold increase of snai1a, snai1b, and snai3 in the mutants (Fig 9B), 

suggesting some functional compensation may occur.  

 On the other hand, it has also been shown that some morpholinos have either off 

target or toxic effects on embryonic development that can masquerade as specific 

phenotypes. Therefore, we assayed whether injection of the SB MO was capable of 

causing a reduction in HSC specification in an embryo with only mutant snai2. Indeed, 

decreases in both runx1 by WISH (Fig 9C) and in HSC emergence in a transgenic 

reporter line (S6 Fig and Fig 9D) were shown across all genotypes. Some morpholinos 

are known to cause phenotypes due to an increase in p53 transcript(52); however, 

qPCR on 26 hpf embryos showed only slight elevation, and p53 mutation did not affect 

the number of HSPCs in SB morphants (S7 Fig).  

 

Discussion  

 In this study, we more closely analyzed the hematopoietic phenotype previously 

identified in snai2 morphant zebrafish embryos, and characterized two mutant zebrafish 

snai2 alleles. Previously published data from snai2 morphants had suggested that 

Snai2 plays a role in the etiology of HSCs, and our data from two independent 

morpholinos supported this. Additionally, we were able to rescue this HSC specification 

defect with snai2 mRNA, indicating that the MO effect is specific. Snai2 transcripts were 

highly expressed in the somites, a tissue known to be intimately involved in specification 
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of the HSC. Furthermore, snai2 morphants displayed defects in markers of the 

sclerotome and significant decreases of the somitic Notch ligands dlc and dld. Both of 

these defects are known to lead to problems with HSC formation, and in these 

morphants, snai2 may play an upstream role in both sclerotome formation and Notch 

signaling. However, in two independent mutants of the snai2 locus, we did not observe 

any significant defects in hematopoiesis.  

 This discrepancy between morphant and mutant phenotype is a problem on the 

rise in zebrafish research. Multiple recent studies have described similar results focused 

on a variety of different genes ((25–29)), and there has been great debate on the topic 

of morpholino use. From one perspective, it seems that the potential off target or toxic 

effects of these oligonucleotides outweighs their utility as a tool for genetic knockdown; 

however, an in depth study has also shown that deleterious mutations can induce 

complex genetic compensation that can obscure the role of a factor in a given 

process(51). In that case, a finely tuned knockdown of gene expression allows us to 

decipher a factor’s role, while a knockout may induce too much genetic compensation to 

deconvolute this. Both possibilities must be equally weighed, and great care must be 

taken when characterizing both new morpholinos and mutant alleles. New guidelines 

are now emerging to help deal with this growing issue(30); however, the reality is that 

there are endless studies that now should be revisited to further asses genetic function.   

 The snai2 morpholino was capable of inducing a defect in HSC specification in 

the snai2112D mutant, which strongly argues that the morpholino has an effect on either 

overall toxicity, or affects a target other than snai2, assuming the mutant does indeed 

cause loss of function. Additionally, while analysis of the snai2 null mouse had shown a 
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variety of effects on adult hematopoiesis, no defect in HSC specification or emergence 

has been identified. Finally, the increase of p53 transcripts seen in the snai2 SB 

morphants could indicate a problem with overall toxicity.  

 On the other hand, we present strong data that the morpholino knockdown of 

snai2 is specific. The effect on HSC formation is specific: mRNA overexpression is 

capable of rescuing the runx1 phenotype, and the second morpholino phenocopies the 

first. The overall development of morphant embryos is minimally affected, and 

structures including the aorta, cardinal vein, pronephros and most of the somite are 

unaffected. Finally, the Notch deficiency seen in the snai2 morphants, is rescuable by 

overexpression of NICD in the vascular endothelium, again indicating a specific effect.  

 In further support of the morphant phenotype, the snai2112D mutants show 

elevated  snai1a, snai1b, and snai3 transcripts, which could indicate some level of 

genetic compensation, and that one of the other factors could be taking on the role of 

snai2 when absent. It is also formally possible that there are unknown factors 

compensating for this genetic loss of function. Further testing within the mutant would 

be essential to determine whether or not this is the case, including a much deeper 

probing of the mutant exome.  

Another possibility is that these mutant alleles do not generate a true loss of 

function. The effects on protein translation can be predicted in silico; however, due to 

the absence of a zebrafish specific antibody to Snail2, it is impossible to know if these 

animals have generated a partially functional truncated protein, perhaps due to an 

alternative start site downstream of these mutations. One such potential start site would 

produce a truncated protein consisting of only zinc-finger domains. Moreover, if this 
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protein was functional, the SB MO would be able to disrupt this transcript and protein, 

which could explain the HSC defect caused by the morpholino in the snai2112D mutant 

embryos. However, studies have shown that snai2 activity is largely dependent on the 

N-terminal SNAG and SLUG domains (53), so the truncated protein may not be 

sufficient to drive this function.  

Finally, it is possible that the morpholino results in a dominant-negative protein 

which causes a negative effect on HSC specification. The misspliced transcript does not 

undergo nonsense mediated decay and accumulates, as shown by qPCR.  

 In summary, our results provide further evidence that understanding genetic 

function must be approached simultaneously with multiple approaches. The data 

presented here supports that the snai2 morphant phenotype could be due to an off 

target or toxic event; however, this could also be due to reasons explained above, and 

further studies are necessary to deconvolute this problem. 
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Figures 

Figure 2.1: Snai2 endogenous expression in wild-type embryos Expression of snai2 was analyzed 
via whole mount in situ hybridization at 14 hpf (A), 18 hpf (B), and 24 hpf (C). Embryos were 
cryosectioned post-in situ at 18 hpf (D) and 24 hpf (F). Simplified schematics are provided (E and G). 
Double fluorescent in situ for snai2 with endothelial markers fli1a at 14 hpf (H) and etsrp at 26 hpf (I) was 
performed. Insets show a close up view of the PLM. QPCR was used to compare snai2 enrichment within 
double positive HSPCs sorted from Tg(CD41:GFP/kdrl:mCherry) on 2 dpf to the rest of the embryo. 
Markers cmyb and kdrl, which should be enriched in this population, are displayed alongside for 
comparison. N: notochord; NT: neural tube; S: somite. 
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Figure 2.2: Predicted genomic and protein effects of snai2 morpholinos Location of the splice-
blocking and translation-blocking morpholinos are indicated on a schematic of the snai2 gene (A). The 
green arrow indicates the transcription start site, and the red line the endogenous stop codon. Predicted 
effects on the amino acid sequence (B) and protein structure (C) are shown for wild-type and SB 
morphant fish. 121 bp of exon 2 are lost due to the aberrant splicing event, leading to a truncation of the 
protein within the zinc-finger domain. Italicism of the amino acid sequence and the grey region of the 
structure indicate a region of missense amino acids prior to the early stop codon. E: exon; SB: splice-
block; MO: morpholino.  
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Figure 2.3: Snai2 morphants display a strong defect in HSC specification Expression of the HSC 
specification marker, runx1, was analyzed by in situ hybridization at ~26 hpf in embryos injected with SB 
MO, ATG MO, and their siblings (A). Black arrowheads point to the middle of the aortic runx1 expression. 
Numbers in the lower right hand corner of each image depict the number of embryos with the phenotype 
pictured out of the total number of embryos assayed in each condition. Tg(gata2b:Gal4/UAS:LA-
GFP/kdrl:mCherry) morphants and their siblings were imaged by confocal microscopy at 48 hpf, and 
Imaris imaging software was used to remove GFP signal outside of the vasculature (B). Pink coloration is 
indicative of double positive cells as filtered by the surfaces feature of Imaris. White arrowheads indicate 
separate putative HSPCs. Quantification for each fish was graphed and statistically analyzed by non-
parametric t-test on Prism (D).  Error bars are SEM.  
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Figure 2.4: Snai2 SB morphants display depletion of sclerotome markers pax9, a marker of the 
sclerotome, was analyzed by WISH at 18 hpf (A). Black brackets highlight the difference in staining 
between morphants and siblings. qPCR on somitic, GFP+ cells sorted from morphant and control 
Tg(actc1b:GFP) embryos at ~17 hpf showed the sclerotome marker twist1b was decreased, while the 
pan-somitic marker remained normal in morphants (B). Wish for foxc1b showed clear diagonal expression 
in the anterior portion of the somites of uninjected embryos, while morphants lacked this distinctive stripe 
pattern (C). Error bars are calculated from technical replicates. Double fluorescent in situ hybridization for 
foxc1b and myoD (myogenic marker) followed by razor cutting for confocal analysis showed that while the 
muscle marker is consistent in both morphants and uninjected embryos, there is a notable decrease of 
positive staining for foxc1b, especially within the dorsal portion of the somites. A small schematic is 
provided to show greater detail of how embryos are oriented in Figure D. Numbers in the lower right-hand 
corner of each image depict the number of embryos with the phenotype pictured out of the total number 
of embryos assayed in each condition. 
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Figure 2.5: Snai2 SB morphants have defective Notch signaling 
Aortic Notch activity was assessed by confocal microscopy of the Notch reporter Tg(TP1:GFP) (A). 
Median fluorescence intensity was calculated by the surfaces feature of Imaris and was graphed and 
statistically analyzed by a non-parametric t-test on Prism (B). Error bars are SEM. Using a combination of 
Tg(kdrl:miniGal4) and Tg(UAS:NICD-myc), we saw that ectopically activating Notch signaling within the 
endothelium was sufficient to rescue expression of the HSC marker runx1 in morphant embryos (C). 
Black arrowheads point to the middle of the aortic runx1 expression. Analysis by WISH displays that 
expression of the Notch ligands dlc and dld is decreased in morphants, especially within the more anterior 
somites (D). Black brackets are provided to highlight the differences in staining. This decrease was further 
confirmed by qPCR in somitic, GFP+ cells sorted from morphant Tg(actc1b:GFP) embryos as compared 
to uninjected siblings (E). Snai2 relative expression is included for comparison, since the misspliced 
transcript is consistently elevated in SB MO injected embryos. Error bars are calculated from technical 
replicates. Numbers in the lower right-hand corner of each image depict the number of embryos with the 
phenotype pictured out of the total number of embryos assayed in each condition. 
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Figure 2.6: Predicted genomic and protein effects of the mutant snai2 alleles A schematic of the 
snai2 gene displays where the three guide RNAs (gRNAs) were designed for CRISPR/Cas9 directed 
mutagenesis (red arrowheads) as well as the single nucleotide polymorphism (SNP) location in the 
mutagenesis derived snai2sa24539 allele (red *) (A). The endogenous stop codon is indicated by the red line 
in exon 3. Predicted effects on the amino acid sequence (B) and protein structure (C) of wild-type, 
snai2112∆, and snai2sa24539 are depicted. For the snai2112∆ allele, a 112 bp deletion within the beginning of 
exon 2 leads to a truncation prior to the zinc-finger domain. Italicism of the amino acid sequence and the 
grey region of the structure indicate a region of missense amino acids prior to the early stop codon. The 
snai2sa24539 allele SNP is a stop codon.  
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Figure 2.7: Snai2112∆ and snai2sa24539 mutants have no embryonic defects in HSC or Sclerotome 
Formation WISH analysis was performed on embryos derived from heterozygote in-crosses including 
probing for the hematopoietic markers runx1 (A) and cmyb (B) and the sclerotome marker foxc1b (C). 
Wild-type, heterozygotes, and mutants are all included for the Snai2112∆ allele since genotyping without 
sequencing was possible. For the snai2sa24539 allele, genotyping by PCR was sufficient to determine which 
embryos lacked the wild-type SNP, but not to distinguish wild-type from heterozygote. Thus images are 
included for mutants versus “siblings”. For all markers, no obvious defect is detected. Black arrowheads 
point to the middle of the aortic runx1 or cmyb expression. Numbers in the lower right hand corner of 
each image depict the number of embryos with the phenotype pictured out of the total number of embryos 
assayed in each condition. HSC specification was also analyzed in Tg(CD41:GFP/kdrl:mCherry) fish on 
the snai2112∆ background by confocal microscopy at 48 hpf, and Imaris imaging software was used to 
remove GFP signal outside of the vasculature (D). Pink coloration is indicative of double positive cells as 
filtered by the surfaces feature of Imaris. White arrowheads indicate separate putative HSPCs, and 
quantification for each fish was graphed and statistically analyzed by a non-parametric t-test on Prism (E). 
Error bars are SEM.  
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Figure 2.8: Snai2112∆ mutant adult hematopoiesis appears normal We analyzed the adult whole-
kidney marrow (WKM) of 6 month old Snai2112∆ mutants and their siblings by flow cytometry. Analyzing 
the cells by forward and side-scatter (A) displayed no significant difference between the various 
hematopoietic populations via two-way ANOVA (B). Error bars are SEM. 
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Figure 2.9: Preliminary investigation of morphant vs. mutant phenotype WISH within 17 hpf 
embryos from an in-cross of snai2+/112∆ displayed that the Snail family members snai1a and snai1b are not 
differentially expressed in mutant embryos as compared to heterozygote and wild-type siblings (A). 
However, qPCR in pooled embryonic trunks at 26 hpf showed a different trend: all 3 additional members 
of the Snail family show increased expression (B). This graph presents the average of two independent 
experiments in which embryonic heads were removed and genotyped, followed by pooling of trunks of the 
same genotype. Error bars are SD. Snai2 reverse primer is designed within the mutant deletion, so 
transcript decrease reflects present of mutant transcript. We also observed the effect on emerging HSCs 
when the SB MO was injected into mutant embryos and their siblings by observing both WISH for runx1 
at 26 hpf (C), and the double positive population in Tg(CD41:GFP/kdrl:mCherry) embryos at 48 hpf. 
Double positive cells were filtered by the surfaces function on Imaris, quantified, and submitted to 
statistical testing by a non-parametric t-test on Prism (D). Error bars are SEM. By both analyses, HSC 
specification was affected by SB MO in all genetic backgrounds. Black arrowheads point to the middle of 
the aortic runx1 expression. **** represents p<0.0001. WT: Wild-type.  



 50 

 

 



 51 

Supporting Information 

 

Figure 2.S1: FACS and Morpholino controls 
When double positive cells were sorted from Tg(CD41:GFP/kdrl:mCherry) embryos at 48 hpf, single 
positive mCherry only cells were also purified and qPCR performed with the same panel of genes: 
hematopoietic marker cmyb, endothelial marker kdrl, and snai2 (A). As expected, kdrl was extremely 
elevated, while cmyb was decreased as compared to the rest of the embryo. Snai2 is present, but 
extremely down regulated. Error bars are calculated from technical replicates. We confirmed efficacy of 
the SB MO by injecting into embryos, and collecting a pool of embryos at 26 hpf. After RT-PCR was 
performed on a portion of the snai2 transcript. 100% of the transcript appears to be the shortened length 
caused by the error in splicing (B).  
 

 
Figure 2.S2: Migration of the PLM and vascular cord formation is normal in SB morphants 
WISH was performed on embryos injected with SB MO and their uninjected siblings to investigate 
migration of the PLM and formation of the vascular cord. We analyzed fli1a, a gene actively expressed in 
the PLM as well as in the fully formed vasculature, as well as kdrl, a marker strong in the fully formed 
vasculature. At 14 and 18 hpf, fli1a staining showed normal formation of the PLM and timely migration to 
the midline (A). At 26 hpf, the vascular cord and caudal hematopoietic tissue appear largely normal by 
both fli1a and kdrl staining; however, the intersomitic vessels seem to have some trouble sprouting 
dorsally (B). Numbers in the lower right hand corner of each image depict the number of embryos with the 
phenotype pictured out of the total number of embryos assayed in each condition. 
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Figure 2.S3: Primitive hematopoiesis and pronephros formation are unaffected in SB morphants 
In order to observe other tissues involved in embryonic hematopoiesis, we assayed primitive 
hematopoiesis by WISH for the early erythroid marker gata1 (A). SB morphants appeared to have normal 
primitive hematopoiesis initiation. We also observed formation of the pronephros, which will develop to be 
the adult HSC niche, by WISH for cdh17 (B). Pronephric formation appeared normal in SB morphants. 
Numbers in the lower right hand corner of each image depict the number of embryos with the phenotype 
pictured out of the total number of embryos assayed in each condition. 
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Figure 2.S4: Further analysis of ATG MO hematopoietic phenotype 
ATG MO embryos were subjected to WISH for the hematopoietic marker cmyb at 48 hpf (A). The caudal 
hematopoietic tissue of morphant embryos showed a distinct reduction of cmyb staining as compared to 
their uninjected siblings. The morpholino was also injected into Tg(CD41:GFP/kdrl:mCherry) embryos and 
double positive fish were imaged via confocal microscopy at 48 hpf and Imaris imaging software was 
used to remove GFP signal outside of the vasculature (B). The surfaces feature of Imaris was utilized to 
quantify double positive cells (shown here in pink), and the resulting data was graphed and statistically 
analyzed by a non-parametric t-test on Prism (C). Error bars are SEM. There was a small, but significant 
decrease in the number of HSPCs in the ATG morphant fish. Numbers in the lower right hand corner of 
each image depict the number of embryos with the phenotype pictured out of the total number of embryos 
assayed in each condition. 
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Figure 2.S5: Further notch and somitic morphant data  
In order to show not all Notch ligand expression was affected in snai2 SB morphants, we analyzed aortic 
expression of dll4 and dlc by WISH at 26 hpf (A). SB morphants showed normal levels of both ligands 
supporting that the aorta is specified correctly. The presence of the Notch intracellular domain in 
Tg(UAS:NICD-myc) embryos can be assayed by immunohistochemistry for the myc tag, fused to the 
NICD. Representative images were taken of positive and negative staining present when the transgenic 
was crossed to the Tg(kdrl:miniGal4) (B). Staining is visible in the dorsal aorta and caudal vein, as well as 
quite strongly in the caudal hematopoietic tissue of Gal4+/NICD+ embryos. Double fluorescent in situ for 
dld and myoD was performed in SB morphants and their siblings at 14 hpf, and the results imaged by 
confocal microscopy (C). Representative images show that morphant embryos have decreased somitic 
dld staining, especially within the more anterior somites. myoD in the same somites was expressed 
normally. We also analyzed jam2a expression by WISH (D), since not only is this gene expressed within 
the somites, but it has been shown to be essential for notch signal transduction to the migrating PLM. SB 
morphants showed normal expression of jam2a. Numbers in the lower right hand corner of each image 
depict the number of embryos with the phenotype pictured out of the total number of embryos assayed in 
each condition. 
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Figure 2.S6: Snai2112∆ further analysis 
A representative gel image shows the different banding pattern observed when genotyping embryos from 
a snai2+/112∆ in-cross (A). In order to assess later stages of embryonic hematopoiesis, we assessed 
expression of the T-cell marker, rag1, in 4 dpf embryos (B). Wild-types, heterozygotes, and mutants all 
showed normal rag1 staining. When snai2 mutants were analyzed on the Tg(CD41:GFP/kdrl:mCherry) 
background, we simultaneously injected a portion of the clutch analyzed with SB MO. These embryos 
were imaged via confocal microscopy and Imaris imaging software was used to remove GFP signal 
outside of the vasculature (C) alongside their uninjected siblings shown in Figure 7D. Quantification is 
shown in Figure 9D. Numbers in the lower right hand corner of each image depict the number of embryos 
with the phenotype pictured out of the total number of embryos assayed in each condition. 
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Figure 2.S7: SB MO causes an increase in p53 transcript, but loss of p53 does not rescue 
hematopoietic phenotype  
The potential of toxicity caused by the SB MO was analyzed by qPCR for p53 in morphant and uninjected 
pooled embryos at 26 hpf (A). Via this analysis, we saw that indeed p53 transcript was increased as 
compared to uninjected siblings. We also show snai2 transcript levels, as they are consistently increased 
in SB MO injected embryos. SB MO was then injected into embryos derived from a p53+/- in-cross, and 
the embryos analyzed for the hematopoietic markers rag1 and cmyb. The loss of p53 did not appear to 
rescue the morphant phenotype of decreased levels of both genes. Black arrowheads indicate the 
general position of the thymus. 
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For years, antisense morpholino knock-down has been a widely accepted, often 

stand-alone tool used to analyze the effect of genetic loss-of-function in zebrafish. 

These oligonucleotides possess a stabilizing six-ring heterocycle backbone and 

nonionic phosphorodiamidate linkages designed to increase RNA binding specificity 

over macromolecules(1). Morpholinos, while easy to use and effective, have the 

potential for producing falsely positive results due to off-target binding and/or toxicity. 

For example, it has been documented that injection of certain morpholinos can increase 

expression of the tumor suppressor gene p53 and subsequently lead to cell death(2). 

This spike in apoptosis can lead to general embryo toxicity as well as surprisingly 

specific effects due to unknown roles of pro-apoptotic genes(3). With the recent advent 

of CRISPR/Cas9 gene editing technology, it is now easy to supplement morpholino-

based data with characterization of mutant alleles. The increased accessibility of this 

combination based approach is a huge step forward; however, the data that we have 

presented regarding the involvement of snai2 in hematopoietic stem cell (HSC) 

specification make one thing clear: elucidating the true role of a protein requires 

detailed, fastidious analysis dependent on much more than gene knock-down and 

mutagenesis alone.  

 Over the years, the pitfalls of morpholino have been well documented and 

controlled for. An off target effect can be ruled out by rescue with mRNA 

overexpression. A toxic effect can be ruled out if p53 knock-down fails to abrogate a 

phenotype. While these approaches were once sufficient to support morpholino 

specificity, recent studies have showed that this is not truly the case. One study in 

particular focused on an array of genes with documented morphant phenotypes that 
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also had mutant alleles either created with site-specific nucleases or by chemical 

mutagenesis(4). Morphant and mutant phenotypes were compared, revealing a poor 

correlation: 80% of the mutants in this cohort failed to phenocopy the morphants. One 

such gene, termed megamind, even had a morphant phenotype rescuable by mRNA 

injection. Similar results were reported by a group focused on the gene pak4. Initial 

morpholino studies showed an effect on primitive myelopoiesis that appeared specific 

due to mRNA overexpression, and non-toxic due to phenotype persistence in p53 

morphant embryos(5). Follow up study of a site-specific nuclease driven pak4 allele 

reported that mutants possessed no phenotype-- a huge disappointment since all of the 

necessary morpholino controls were complete(6). Our analysis of the snai2 splice-block 

morpholino showed strikingly similar results: morphant induced HSC specification 

defects were rescuable by mRNA overexpression and this defect persisted in the p53-/- 

background. Knock-down and mutagenesis studies of these three genes prove that the 

conventional morpholino controls are not always sufficient.  

 In regards to morpholino specificity, it is generally believed that a well-designed 

morpholino will not bind to non-specific RNA sequences; however, it is also anecdotally 

reported that morpholino can bind to sequences with as many as 4 base pair 

differences. This could open the door for a lot of unexpected off-target effects. During 

my studies, I erroneously designed a snai2 translation-blocking morpholino beginning 

right at the ATG start site. In the Snail transcription factor family, all 4 genes possess an 

identical N-terminal amino acid sequence, which codes the vital Snail/GFI (SNAG) 

domain. While the nucleotide sequences are different, these differences are limited. 

This blunder provided the opportunity to assay the binding of this morpholino to the four 
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different snail genes by designing GFP expression vectors with each genetic start 

sequence. As expected, the morpholino efficiently blocked production of GFP in the 

snai2 vector, since the sequence was exact. It also efficiently blocked expression from 

the snai1a sequence, which differed by only three nucleotides. Snai1b-GFP expression 

was also intermediately reduced, and this sequence possessed five different 

nucleotides. Finally, snai3-GFP expression levels were not altered as compared to the 

embryos injected without morpholino. This simple experiment provides evidence that 

morpholinos can bind sequences with up to five nucleotide mismatches, further 

supporting the dangers of morpholino non-specificity. 

 

Figure 3.1: Morpholino shows target promiscuity. Snai2 ATG morpholino (MO) designed to the ATG 
start sequence had similarity to the other Snail family start sequences as displayed in the left panel. On 
the right are pictured bright field and GFP images of embryos injected with either target sequence-fused 
GFP mRNA alone, or in conjunction with the MO.  
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 While all of these studies point towards the dangers of morpholino use, one 

should not assume that a mutagenesis derived allele is the simple solution for future 

loss-of-function studies. The best example of this is provided by a recent study of the 

egfl7 gene(7). Early knock-down studies of this gene suggested a role in angiogenesis 

in zebrafish(8), Xenopus laevis(9), and in human cell culture(10); however, two site-

specific nuclease derived mutant alleles failed to show a phenotype. Interestingly, 

homozygous mutant embryos were less sensitive to egfl7 morpholino injection, 

indicating something inherent in the mutant was rescuing the phenotype. Proteomic and 

transcriptomic analysis of the mutants revealed that a cohort of genes was consistently 

upregulated in the mutant embryos. Additionally, one of these transcripts was capable 

of rescuing the morphant phenotype. This compensatory effect suggests that presence 

of the mutant allele alone somehow activates a response similar to gene dosage 

compensation mechanisms.  

 When we apply the knowledge gained from this egfl7 study to our work on snai2, 

it is difficult to make a confident conclusion. While our mutants do appear to 

compensate for snai2 loss by elevating transcription of snai1a, snai1b, and snai3, the 

mutant embryos do not have reduced sensitivity to the snai2 splice-block morpholino. 

These two pieces of data contradict, simultaneously supporting and opposing the 

accuracy of the morpholino derived phenotype. Moving forward, it is important to prove 

that both the snai2112∆ and snai2sa24539 mutants are true null alleles. In the egfl7 study, 

they perform this elegantly by utilizing a site-specific nuclease to knock in a Myc-tag at 

the egfl7 locus. This enables testing for protein expression in the mutant zebrafish even 

though there is no egfl7-specific antibody. For our purposes, since knock-in experiments 
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are quite difficult, a similar but less direct approach could be taken by expressing each 

mutant transcript in an easily cultured cell line. Proving that snai2 protein is absent in 

the mutants would help clarify that the morpholino is likely causing an off-target or toxic 

effect. If instead we found that an aberrant snai2 protein was produced, a new set of 

experiments would need to be designed in order to understand if the protein is still 

functional. In the case of snai2112∆, it is hard to believe that this truncated protein would 

be functional. Transcript from these mutants has been sequenced proving the deletion 

is present, and confirming that there is no abnormal splicing occurring to fix the 

following frameshift. It is possible that the internal start codon could be producing a 

small protein made of only zinc-fingers, but studies point to the activity and stability of 

Snail2 being dependent on the N-terminal end. For now, this is all speculation until we 

can actually study the snai2112∆ protein. 

 In order to avoid questions raised by site-specific nuclease induced mutant 

alleles, it might behoove future researchers to design their approach to simultaneously 

affect the target gene and insert a small tag. An alternative approach, also dependent 

on knocking-in a small genetic sequence, would be to insert Lox-P sites on either side 

of a gene of interest. Although knock-ins are still difficult, this technology is slowly 

making advancements. If Lox-P sites flanked a gene of interest, a specific Cre-

recombinase expressing transgenic could be utilized to induce genetic deletion. There 

are a number of Cre-expressing zebrafish lines, both inducible and not, expressed 

under ubiquitous and tissue specific promoters. Not only would this approach yield an 

entire genetic knock-out, but the function of a gene could be studied in a context-

specific way. It is unclear whether this approach would induce the same compensatory 
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mechanisms as seen in the egfl7 mutants, but we won’t know for certain until the true 

source of that compensation is identified.  

While mutagenesis technologies improve slowly, research must constantly push 

forward. Thus, a set of guidelines has been suggested for loss-of-function studies in 

zebrafish as the field stands now(11). If a null allele of a gene does not already exist, 

generation of a site-specific nuclease induced allele can proceed simultaneously with 

initial morpholino studies. All morpholinos should be designed to be specific, and splice-

block morpholinos are the easiest to confirm via reverse transcription PCR. From the 

start, more than one morpholino should be ordered. If a phenotype is seen, dosage 

should be titrated down until no elevation of p53 transcript is seen. While waiting on the 

mutant, morphant phenotype should be rescued by mRNA injection. Once the mutant is 

available, if at all possible the mutant should be confirmed to be a null allele. If the 

phenotypes match, further analysis of the phenotype can be performed in mutant and 

morphant interchangeably. If not, morpholino should be injected into the mutant 

zebrafish to assess phenotype. If morpholino still induces a phenotype in a null 

background, your morpholino is off target. Special care should also be taken to address 

phenotypes abrogated by maternal transcript. In the appropriate cases, maternal zygotic 

mutants should be utilized to assess the phenotype without maternal contribution.  

From this dissertation, we have learned that morpholino knock-down and site-

specific nuclease driven mutagenesis must be used together in order to assess genetic 

function. In regards to the snai2 mutants, there are a few options as to how this project 

should proceed. If the mutants are shown to be hypomorphic alleles, it could be 

necessary to further mutagenize the coding sequence. Perhaps targeting the zinc-finger 
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domains of the C-terminus in the snai2112∆ mutants could provide a more thorough 

knock-out. This would also delete the target-site of the splice-block morpholino, 

removing the potential for additional, specific morpholino action in the mutant. Any 

morphant activity seen with the site completely removed would point to off-target or 

toxic effects. If the mutants are indeed true null alleles, looking at compensation at the 

transcriptome and proteome level could be interesting. Even if the HSC specification 

defect we see is not contingent on snai2 loss, the mouse snai2 mutants have a more 

severe phenotype than seen in the zebrafish. The HSC defect may indeed be due to off 

target effects, but if the snai2 mutants are true nulls they should possess other notable 

defects. For example, snai2 is known to act in migration and specification of the neural 

crest. This tissue gives rise to a number of different tissues including the pigment cells, 

which are seemingly unaffected in our mutants. However, the murine mutants have 

pigmentation defects as well as a reduced overall size and defects in the testis. Some 

studies have also reported defects in erythroid and lymphoid cell production in the adult 

hematopoietic system. While the zebrafish mutants show similar, but not significant, 

hematopoietic defects, perhaps this is due to genetic compensation by the other Snail 

family members. It could be very interesting to create double mutants of the Snail family 

in order to assess these phenotypes more closely.  

In addition to following up on this snai2 story, it would be interesting to further 

study other genes that were upregulated in the genomic comparison of supportive and 

non-supportive stromal cell lines(12). Snai2 was one of five genes that we targeted with 

morpholino once they appeared to be involved in the HSC stromal niche. Mutagenesis 

of the other four genes could be a great place to start to learn more about the early 
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embryonic HSC niche in vivo. Although snai2 morphants possess a stereotypical HSC 

specification defect, Wnt10b knock-down appears to disrupt HSC homing to the kidney, 

but not to the thymus. This unique phenotype could help to elucidate HSC migration. 

One exciting possibility is that Wnt10b is required only for homing of long-term HSCs 

that create the adult hematopoietic system in the kidney, but not other progenitor cells 

capable of T-cell differentiation. Even though my data suggests that snai2 is not 

required within the HSC niche, I believe that other regulators of epithelial-to-

mesenchymal transition could still be. Specifically, loss-of-function of the Twist 

transcription factor family may be a fascinating place to start.   
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Abstract	

	 The adult blood system is established by hematopoietic stem cells (HSCs), which 

arise during embryogenesis from the ventral wall of the dorsal aorta; however, not all of 

the cells that bud at this time have equivalent self-renewal or differentiation capacities. 

Many types of multipotent cells exist that are very short-lived, including short-term 

HSCs, multipotent progenitors, and lymphoid-primed multipotent progenitors (LMPP). 

While tools in mouse have led to new knowledge about the heterogeneity of these cells, 

the zebrafish system is lacking. In this study, we focus on lineage tracing utilizing 

inducible Cre recombinase driven by the CD41/itga2b promoter. This promoter has 

been well documented in both mice and zebrafish to mark hematopoietic cells as they 

emerge from the floor of the dorsal aorta. Interestingly, our findings show that while 

induction of the transgene during embryogenesis leads to a robust lineage marking of 

both myeloid and lymphoid cells, this multi-lineage output does not persist into 

adulthood. When adult whole kidney marrow is studied, only a small number of 

lymphoid cells, labeled by lck:GFP, are still switch positive from the embryonic 

induction. We hypothesize that this type of multipotent, but limited output could mean 

that our transgene marks either an embryonic short-term HSC or LMPP, but further 

work is necessary to confirm this. Interestingly, differentiation of our CreERT+ population 

was severely abrogated by overexpression of cmyb, from a transgenic zebrafish line.  

Finally, our data suggests that in adulthood the transgene does label a long-term HSC. 

Our data suggests that further study of our transgenic could reveal new information 

regarding the different genetic profile of embryonic versus adult HSCs. 
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Introduction 

 Hematopoietic stem cells (HSCs) arise from a subpopulation of the embryonic 

aorta known as the hemogenic endothelium(1–6). Lineage tracing studies have been 

utilized to prove this embryonic population builds and supplies an organism’s entire 

blood repertoire throughout its lifespan(7). These studies have utilized a combination of 

endothelial and hematopoietic specific promoters to drive inducible genetic 

recombination during embryogenesis alone(8, 9). Embryonic induction was sufficient to 

drive Cre-reporter expression in a multipotent population that persisted into adulthood, 

and was capable of long-term multilineage reconstitution of adult marrow, thus 

confirming earlier embryonic transplantation reports(10). Similar studies of both 

inducible, embryonic lineage tracing and transplantation of embryonic runx1+ HSCs into 

adults have been performed in the zebrafish system as well(11, 12). While these reports 

confirm that a long-lived, multipotent HSC emerges during embryogenesis, the exact 

fate and differentiation capacity of each individual cell is uncertain.  

 Recent studies have utilized either genetic or color barcoding to show that not all 

embryonic HSCs contribute equivalently to the adult marrow(11, 13). In fact it is widely 

accepted that HSCs are extremely heterogenic(14, 15). This heterogeneity is defined by 

differences in both self-renewal capacity and differentiation proclivity as determined by 

transplantation and in vitro clonal analysis(16–19). For example, after transplantation it 

was noted that not all cells with multi-potent differentiation capacity permanently 

engrafted, establishing the monikers long-term, intermediate, and short-term HSCs(16, 

20). In addition to the heterogeneity within the HSC population alone, other multipotent 

progenitors have been identified(21, 22). It is unclear whether these are functionally 
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equivalent to short-term HSCs. Progenitors with a more restricted, but still multipotent 

differentiation capacity termed lymphoid-primed multipotent progenitors (LMPPs) have 

also been isolated partially by their expression of flt3(23–27). These LMPPs have both 

myeloid and lymphoid differentiation potential, but lack the ability to form 

megakaryocytic or erythroid cells. The predominant way to isolate these minutely 

different cell populations is by an extensive combination of antibody staining for cell 

surface proteins. While this is relatively straightforward in mammalian systems, the 

zebrafish system is limited by a paucity of cross-reactive antibodies. This limitation 

forces the field to rely on a restricted list of transgenic reporter lines that can never 

replicate the complex cellular profile provided by antibody staining. Recent 

advancements have utilized infrared laser excitation to control inducible Cre-

recombination, allowing for a spatial and temporal labeling of putative HSPCs, and have 

even identified two different cellular sources for embryonic T-cells(28, 29); however, this 

technology is not readily available. Thus the zebrafish field needs a more specific 

transgenic system for long-term lineage tracing of HSCs.  

 In this study, we generated and characterized a transgenic zebrafish line with the 

goal of specifically lineage tracing embryonic HSCs to adulthood. We chose to drive an 

inducible Cre-recombinase under the control of the CD41 promoter. CD41, also known 

as integrin alpha 2b, is a cell surface protein expressed on hematopoietic stem and 

progenitor cells (HSPCs), megakaryocytes, and zebrafish thrombocytes(30–32). While 

its function in HSPCs is unknown, it successfully aids HSPC isolation in mice, and in 

zebrafish a transgenic reporter labels hematopoietic cells as they bud from the dorsal 

aorta. This zebrafish transgenic also labels adult HSCs, as confirmed by 
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transplantation(33). Although embryonic recombination marked a multipotent population 

of cells in the zebrafish embryo, when the adult whole kidney marrow (WKM) was 

analyzed the Cre-reporter persisted only in a small population of T-cells. This result 

suggests that our transgenic labels a type of short-lived, multipotent cell; however, 

cellular identity beyond that is unclear without further study. Interestingly, differentiation 

potential of this population is restricted by overexpression of the hematopoietic 

transcription factor cmyb. In contrast to the embryo, it appears that this transgene does 

label long-term HSCs in the adult, pointing toward the ever-evolving genetic identity of 

the HSC. While our study failed to achieve its initial goal, further study of this transgenic 

and perhaps mapping the insertion locus of the transgene might inform our 

understanding of the divergence of HSC types. 

 

Materials and Methods 

Zebrafish Husbandry  

Zebrafish were maintained and propagated as previously described(34) in 

accordance with University of California at San Diego Institutional Animal Care and Use 

Committee (IACUC) guidelines, according to standard protocols. The following zebrafish 

strains were used: wildtype AB*, Tg(CD41:GFP)(32), Tg(cmyb:GFP)(35), 

Tg(bactin2:loxP-BFP-loxP-DsRed)(36), Tg(mpeg:EGFP)(37), Tg(lyz:EGFP)(38), 

Tg(rag2:GFP)(39), Tg(lck:GFP)(40), and multiple founder-lines of Tg(CD41:CreERT). 

This final line was created by utilizing the CD41 promoter from the Tg(CD41:GFP)(32) 

transgenic combined with the commercially available sequence for CreERT2. These 

elements were inserted into a vector also containing the myl7:GFP construct, and all 
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flanked with Tol2 recombination sites(41). The construct was coinjected with Tol2 

mRNA into single-cell AB* embryos. Injected embryos were screened for GFP+ 

cardiomyocytes, and grown to adulthood. Founder lines were established after 

observing positive multipotent induction observable in the thymus and caudal 

hematopoietic tissue (CHT).  

Tamoxifen Induction 

Embryos and larvae were placed in a 10 µM solution of 4-hydroxytamoxifen 

(Sigma Aldrich H7904) in E3 embryo medium. 1mM 4-hydroxytamoxifen solution 

suspended in sunflower oil (Sigma Aldrich W530285) was injected into adults 

intraperitoneally with a Hamilton’s syringe (Sigma Aldrich). After induction was 

complete, embryos and larvae were rinsed thoroughly with E3 or system water to 

remove residual drug.  

Cell sorting and Reverse transcription PCR 

Triple transgenic Tg(CD41:CreERT/ bactin2:loxP-BFP-loxP-DsRed/cmyb:GFP) 

embryos were prepared for flow cytometry as previously described(42). Single, live, 

GFP+ cells were sorted on a FACS Aria II and collected for RNA extraction. Total RNA 

was extracted from sorted cells using the RNEasy Mini Kit (Qiagen, 74104), cDNA was 

synthesized using iScript gDNA Clear cDNA Synthesis Kit (Bio-Rad), and reverse 

transcription PCR reactions were performed using Taq polymerase.  

Microscopy and Image Analysis 

Confocal images of fluorescent transgenic embryos were obtained with a Leica 

SP5 inverted confocal microscope (Leica Microsystems). The following lasers were 

utilized to excite fluorescent proteins: GFP by 488, DsRed by 543, mCherry by 594. Live 
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embryos were anesthetized with E3 + 0.1% Tricaine and embedded in 1% low-melting 

agarose. All post-imaging analysis was completed with either Volocity (PerkinElmer) or 

Imaris (Bitplane).  

Whole Kidney Marrow (WKM) Analysis 

Zebrafish kidneys were prepared for flow cytometry as previously described(43) 

and resuspended in 1x PBS with 1% fetal bovine serum. Samples were analyzed on a 

BD LSR II Flow Cytometer to separate cellular fractions by size and granularity as 

previously described(44).  

 

Results 

CD41:CreERT transgenics express CreERT in embryonic Endothelial Cells 

With the goal of long-term lineage tracing embryonic HSCs to adulthood, we 

designed a transgenesis vector utilizing the CD41 promoter to drive expression of the 

inducible recombinase CreERT (Fig 1A). This vector also contained a myl7:GFP 

construct in order to ease positive screening of the line by GFP+ hearts. Positive 

founders were crossed to the Cre-reporter line Tg(bactin2:loxP-BFP-loxP-DsRed) to 

provide a fate mapping read out. Along with GFP+ hearts, founders were confirmed by 

reverse transcription PCR for expression of the CreERT transcript (data not shown). 

CreERT expression was also confirmed in putative GFP+ HSPCs sorted from 

Tg(CD41:CreERT/ bactin2:loxP-BFP-loxP-DsRed/cmyb:GFP) triple positive embryos at 2 

dpf (Fig 1B).  

Embryonic induction labels a multipotent hematopoietic progenitor 
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Once founder lines were established, we tested the induction capacity of each 

line by treating double positive Tg(CD41:CreERT/ bactin2:loxP-BFP-loxP-DsRed) 

embryos with tamoxifen by spiking the embryo medium at 24 and 48 hours post 

fertilization (hpf). After this strong induction, we observed multiple founders with a large 

population of switch/dsRed+ cells at 5 dpf (Fig 1C). Both the thymus and caudal 

hematopoietic tissue (CHT) were colonized with switched cells, and some were seen in 

circulation. Interestingly, induction timepoints throughout embryonic development 

yielded very similar dsRed+ populations (Fig 1D). When these double transgenics were 

outcrossed to other hematopoietic reporter lines, dsRed+ colocalized not only with 

CD41:GFP+ cells (Fig 2A), but also with gata2b:GFP (Fig 2B). This reporter line 

(Tg(gata2b:Gal4/UAS:LA-GFP) has been shown to label embryonic, long-term 

HSCs(45). We also crossed the transgenic line to reporters that mark macrophages, 

neutrophils, and T-cells specifically. Double positive cells were identified in all of these 

lines, indicating recombination occurred in a multipotent progenitor (Fig 3A and B).  

Cmyb overexpression abrogates embryonic differentiation capacity 

We also crossed Tg(CD41:CreERT/ bactin2:loxP-BFP-loxP-DsRed) fish with 

Tg(cmyb:GFP), a line recently reported to have hyperactive cmyb expression due to a 

transgenic insertion anomaly(46). Interestingly, when the standard 24/48 hpf induction 

strategy was applied to these triple transgenics, almost no dsRed+ cells were located in 

either the thymus or CHT as compared to their double positive siblings(Fig 4 A-C).  

Embryonic CD41:CreERT induction does not label long-term HSCs 

Since it is known that embryonic HSCs seed the adult hematopoietic system, we 

grew embryos induced at 24 and 48 hpf to adulthood to assess contribution of the 
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multipotent cells induced during embryogenesis. After 6 months of growth, kidneys were 

removed and analyzed for dsRed+ cells by flow cytometry. Although embryos were 

overwhelmingly positive for induction, the adult whole kidney marrow (WKM) possessed 

only a minute percentage of switched cells in the lymphoid, precursor, or myeloid 

populations (Fig 5A). The majority of the cells with positive recombination in the kidney 

were found in the lymphoid gate (Fig 5B). This small, lymphoid population was 

consistent across multiple experiments, and when compared to kidneys of non-induced 

fish, the increase in recombined cells was small (Fig 5C).  Additionally, triple positive 

animals crossed to either an adult HSC marker (CD41:GFP), early lymphocyte marker 

(rag2:GFP) or late lymphocyte marker (lck:GFP) showed that this dsRed+ population 

consisted of lck+ lymphocytes alone (Fig 5D). Thus, while it appears these lymphocytes 

have an embryonic origin, the embryonic multipotent progenitor labeled by our 

transgene does not similarly persist.  

Tamoxifen treatment of Adult CD41:CreERT fish labels a long-term HSC 

While our results suggested that our transgenic fails to label an embryonic long-

term HSC, we continued analysis by probing the differentiation capacity of CreERT+ cells 

in the adult. We injected adult double transgenics with tamoxifen or vehicle alone at 

about three months post fertilization. One week later, successful induction was 

confirmed by the presence of dsRed+ cells present in circulation through the tailfin (Data 

not shown). Also, immune-like cells were observed throughout the skin of these fish. Six 

months post induction, kidneys were harvested for analysis and while mock injected fish 

showed no recombined cells in the WKM (Fig 6A), dsRed+ cells were observed in all 
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hematopoietic populations in tamoxifen treated fish (Fig 6B). This indicates CreERT is 

expressed within an adult long-lived, multipotent hematopoietic population.  

 

Timecourse of induction fails to reveal the timepoint of the ST to LT switch  

Our contrasting results drove us to investigate when this change from embryonic, 

short-lived, multipotent HSPC converts to an adult long-lived, stem cell. We induced 

groups of sibling larvae weekly from 8 days post fertilization (dpf) to 35 dpf. Each 

treatment was confirmed by presence of dsRed+ cells, and all cohorts were grown for 

six months. When WKM was analyzed we saw that all treatments yielded similar results: 

the same small population of presumably lymphocytes in the lymphoid gate that was 

identified after embryonic induction.   

 

Discussion 

 In this study, we characterize the first CD41:CreERT transgenic zebrafish. 

Previous studies suggested that the CD41 promoter would be an excellent driver for 

lineage tracing long-term hematopoietic stem cells in the zebrafish(11, 31). However, 

our data shows that embryonic induction of genetic recombination marks a multilineage 

population for only a short period of time. No matter how we designed our embryonic 

treatment from fertilization to one month post-fertilization, the only cells labeled in the 

adult WKM after six months were a small population of lck:GFP+ cells. Additionally, the 

differentiation of this mysterious short-lived population could be blocked by 

overexpression of cmyb, indicating whatever the population, a delicate balance of this 

transcription factor is required. Finally, in contrast to the embryo, when adult 
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Tg(CD41:CreERT) fish were treated with tamoxifen, a percentage of all marrow 

populations were positively labeled after six months. Thus the transgene appears to 

label an adult long-term HSC population. 

 This alteration in self-renewal capacity partially aligns with a previous study that 

showed the population of CD41+ HSCs changes as an organism ages(47). Gekas et al 

show that the number of CD41+ HSCs increases with age, which might explain why 

induction in the adult zebrafish is capable of marking a long-term HSC. However, they 

also show that the adult CD41+ population is largely quiescent and primed toward a 

largely myeloerythroid and megakaryocytic fate. If CD41:CreERT+ cells were largely 

quiescent, our positive result would be less likely. Although our results do not align fully, 

they do support the notion that the most active HSC clones change overtime(48, 49). 

 In regards to the identity of the CreERT+ embryonic population, recent studies in 

the zebrafish shed some light. Spatiotemporally controlled induction of Cre-recombinase 

with an infrared laser has shown that different regions of the ventral aortic wall have 

different longevity(29). Within the trunk, emerging HSPCs are capable of long-term 

multilineage output; however, within the more caudal region of the aorta this is not the 

case. Cells in this region still have lymphoid potential and seed the embryonic thymus, 

but this potential does not persist into adulthood. Interestingly, these characteristics are 

similar to what we have seen in the embryonic induction of our transgenic. It is also 

reminiscent of the lymphoid-primed multipotent progenitor, or LMPP(23–27). In future 

studies, it would be very interesting to assess the CreERT+ population for expression of 

the LMPP-marker flt3 as well as a more detailed analysis of differentiation capacity. 

LMPP’s are only capable of myeloid and lymphoid differentiation, without erythroid or 
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megakaryocytic potential. These latter two populations are difficult to assess in our 

model because the promoter driving the Cre-reporter is not expressed in erythroid cells. 

Additionally, zebrafish lack known megakaryocytes. In vitro clonal analysis(50) could 

provide more insight into the lineage priming of these cells.  

Finally, at this point we have accumulated no data to support whether our 

transgene represents expression of endogenous CD41. The most difficult aspect of 

zebrafish transgenesis is the absence of site-directed homologous recombination, like 

that of the murine system. Thus, zebrafish transgenics are usually created by random 

recombinase insertion. The activity of a given transgene is thus dictated by the 

surrounding epigenetic environment. While this is frustrating, we potentially can use this 

to our advantage. Since we have now shown that our transgenic labels a subset of 

embryonic multipotent HSPCs, the locus of the transgene may contain information 

regarding the control of long-term versus short-term HSCs. For example, maybe the 

transgene is under control of a local element that trumps control of the CD41 promoter. 

Analysis of that gene could teach us about self-renewal capacity of HSCs.  

The least appealing alternative in regards to our transgene is that it may not be 

potent enough. The GFP reporter created with this same promoter is confirmed to have 

multiple tandem insertions. This is thought to boost the expression from a promoter that 

is endogenously so lowly transcribed that whole-mount in situ hybridization has 

remained difficult. If our transgenic possesses a single insertion, maybe accumulation of 

the Cre protein is not sufficient until after a cell has passed on from its true “stem” state.   

In conclusion, we describe two different hematopoietic populations marked by the 

transgenic Tg(CD41:CreERT). While the line fails to mark an embryonic long-term HSC, 
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this tool could still be used to induce changes in the short-lived embryonic population. 

Perhaps an oncogene would alter the self-renewal capacity of this population. 

Additionally, further analysis of this transgenic could provide insight into the changing 

self-renewal and differentiation capacity of the HSC population throughout the lifespan 

of an organism.   
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Figures 
 

 
 
Figure A.1: CD41:CreERT Transgenic Initial Characterization 
A CD41:CreERT transgenic was created utilizing a CD41, hematopoietic progenitor specific, promoter to 
drive the inducible Cre recombinase. The construct also possesses a myl7 driven green heart marker. 
This construct was consistently crossed to a switch reporter line driven by a ubiquitous bactin promoter 
(A). CreERT transcript was shown to be expressed in cmyb:GFP+ cells sorted from CD41:CreERT 
transgenics by reverse transcription PCR (B). Treatment with 10 µM tamoxifen at 24 and 48 hpf was 
sufficient to drive switch+ hematopoietic cells in both the CHT and Thymus (C). A variety of other 
embryonic treatments also drove similar embryonic labeling (D). CHT: Caudal hematopoietic tissue; dpf: 
days post fertilization.  
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Figure A.2: Cells labeled by CD41:CreERT overlap with early reporters of HSPCs 
CD41:CreERT transgenics with the switch reporter in the background, were crossed to reporter transgenics 
for the hematopoietic stem and progenitor specific promoters CD41 (A) and gata2b (B). After induction 
with tamoxifen (at 24 and 48 hpf), embryos were imaged to assess colocalization at 4dpf. Imaris software 
was used to filter out the channels so the double positive cells could be visualized alone (shown in pink). 
CHT: Caudal hematopoietic tissue; dpf: days post fertilization.  
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Figure A.3: CD41:CreERT positive cells are multipotent 
CD41:CreERT transgenics with the switch reporter in the background, were crossed to reporter transgenics 
for reporters of T-cells (rag2:GFP) (A), macrophages (mpeg:GFP), and neutrophils (lyz:GFP) (B). After 
induction with tamoxifen (at 24 and 48 hpf), embryos were imaged to assess colocalization at 4dpf. Imaris 
software was used to filter out the channels so the double positive cells could be visualized alone (shown 
in pink). CHT: Caudal hematopoietic tissue; dpf: days post fertilization. 
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Figure A.4: The cmyb:GFP transgenic abrogates differentiation of CD41:CreERT+ cells 
CD41:CreERT transgenics with the switch reporter in the background, were crossed to reporter transgenics 
for the hematopoietic stem and progenitor marker cmyb. Siblings without the reporter line showed 
population of both the thymus and CHT with switch+ cells (A). Siblings with the reporter showed a 
significant reduction in switch+ cells, visible by confocal (B) and quantified (C). A non-parametric t-test 
showed significant differences in both tissues. ** is p<0.0.1 and *** is p<0.001. CHT: Caudal 
hematopoietic tissue; dpf: days post fertilization. 
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Figure A.5: Embryonic induction of CD41:CreERT does not lead to long-term hematopoietic labeling 
Utilizing the 24/48 hpf dual induction strategy, fish grown to at least 4 months of age were sacrificed and 
their whole kidney marrow (WKM) analyzed. While the bactin promoter is not active in the erythroid 
population, we analyzed it’s activity in the myeloid, precursor, and lymphoid populations to assess long 
term persistence of switch positive cells (A). Contribution was present, but extremely low, and when the 
dsRed+ population was analyzed by forward versus side scatter it was revealed to be predominantly 
lymphoid in nature (B). After analyzing a number of fish, we determined that this minute contribution to 
the adult kidney was consistent and barely elevated from non-induced siblings (C). Finally, when 
analyzing adult fish with a variety of reporter lines, we determined that the dsRed+ lymphoid population in 
induced fish was CD41:GFP-, rag2:GFP-, and lck:GFP+ (D).  
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Figure A.6: Adult Tamoxifen Induction labels a long-term, multipotent HSPC 
Adult CD41:CreERT+ fish were induced via intraperitoneal injection of 1mM tamoxifen suspended in 
sunflower oil. While mock injection with sunflower oil alone produced no dsRed+ cells detectable in the 
whole kidney marrow (WKM) 6 months later (A), tamoxifen labeled a small, but multilineage dsRed+ 
population in the kidney (B) shown here on flow cytometry plots of forward scatter versus side scatter.  
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Figure A.7: Tamoxifen treatment up until 1 month does not label a multipotent HSPC.  
Tamoxifen was added to water of larvae from 8 days post fertilization (dpf) to 35 dpf by adding 10 µM 
tamoxifen to their water for 24 hours Shown here are forward scatter versus. side scatter plots of dsRed+ 

cells found in the whole kidney marrow by flow cytometry. Although adult injections after 2 months 
showed a multipotent read out (figure 6B), none of these treatments showed dsRed+ cells except a small 
population in the lymphoid gate – similar to that of embryonic treatment.  
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