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Hematopoietic stem cells (HSCs) can give rise to all terminally differentiated cells of the 

blood, and are used in therapeutic approaches to treat hematopoietic cancers and disorders. Patient-

specific HSCs derived from pluripotent precursors have long been a goal of the field, but despite 

tireless efforts it is not yet possible to derive therapy-grade HSCs in vitro. Here, I utilize the zebrafish 

as a model system in which to identify critical molecular cues that are required for normal HSC 

development. I have identified the Wnt signaling pathway to be critical for the intra-aortic expansion 

of zebrafish HSCs, and Wnt9a to be the ligand that mediates this signal. In the zebrafish, this 

requirement is highly specific; loss of Wnt9a cannot be compensated for by the exogenous expression 

of Wnt9b or Wnt3a. The function of Wnt9a is conserved across species; exogenous expression of 
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WNT9A during in vitro hematopoietic progenitor differentiation improves the efficiency of generating 

CD34+/CD45+ hematopoietic progenitor cells from human embryonic stem cells. My data indicates 

that Wnt9a is a conserved regulator of hematopoietic stem and progenitor cell development. Inclusion 

of WNT9A in protocols to derive hematopoietic stem and progenitor cells from pluripotent precursors 

could more accurately mimic the molecular cues that drive HSC development in vivo. 
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CHAPTER 1: INTRODUCTION 

 

 

Hematopoietic stem cells (HSCs) are adult stem cells that are capable of self-renewal and 

giving rise to all terminally differentiated cells of the blood.  This property has allowed HSCs to be 

used as a therapeutic for various blood disorders and cancers by repopulating the patient’s deficient 

blood system with a full complement of healthy blood cells. Currently, HSCs are harvested from 

healthy donor bone marrow, peripheral blood, or umbilical cord blood, and most procedures require 

the donor cells and the patient recipient to be human leukocyte antigen (HLA)-matched. In some 

cases, the patient’s own HSCs may be harvested and banked for later therapeutic use. Though HSCs 

have been a viable therapeutic for decades, many patients lack a HLA-matched donor (Hatzimichael 

and Tuthill 2010, Peters et al. 2010).  

The advent of induced pluripotent stem cell (iPSC) technology has made possible facile 

derivation of pluripotent stem cells from patients, thus creating a possible source of autologous HSCs 

for each patient in need of a transplant (Takahashi et al. 2007). Pluripotent stem cells are, in theory, 

capable of differentiating into all cells that make up an organism, including HSCs. However, it is 

currently not possible to generate therapeutically viable HSCs for human patients (reviewed in Slukvin 

2013, Vo and Daley 2015). A more thorough understanding of the molecular cues that instruct the 

native development of HSCs will contribute to improving protocols to generate these cells in vitro. 

This review focuses on the role of the Wnt signaling pathway during HSC development. 

 

1.1: Hematopoietic stem cell development in vivo 

Hematopoietic development is separated into two phases. The first phase, termed primitive, 

produces mostly erythrocytes and macrophages that transiently sustain the organism



	
  

	
   2 

during early development. These cell types arise in the yolk sac in mammals and in the intermediate 

cell mass/cephalic mesoderm in the zebrafish (reviewed in Davidson and Zon 2004, and Batta et al. 

2016). In the zebrafish, these waves are temporally and spatially distinct from the definitive waves of 

hematopoiesis, which give rise first to committed erythromyeloid precursors (EMPs) in the posterior 

blood island then to HSCs that appear along the floor of the dorsal aorta. HSCs are derived from the 

mesodermal lineage, the generation of which is dependent on the coordinate regulation of multiple 

signaling pathways, including Nodal, bone morphogenic protein (BMP), fibroblast growth factor 

(FGF), and Wnt (reviewed in Clements and Traver 2013). A subset of mesodermal cells, specifically 

lateral plate mesoderm, migrates laterally past the somites, which provide critical signaling and 

guidance cues, to the midline of the organism, eventually forming the vasculature (reviewed in 

Medvinsky et al. 2011). Cooperation between the Vegf, Hedgehog and Notch signaling pathways 

further specify these cells to become either arterial or venous endothelium (Rowlinson and Gering 

2010). Specific cells within the floor of the aorta termed hemogenic endothelium undergo an 

endothelial to hematopoietic transition (EHT) to become HSCs. These cells undergo a change in 

morphology, transitioning from a flattened endothelial cell to a round hematopoietic cell, and bud 

from the wall of the aorta (Kissa et al. 2008, Eilken et al. 2009, Bertrand, Chi, et al. 2010, Kissa and 

Herbomel 2010, Mizuochi et al. 2012a). These nascent HSCs enter circulation and home to the 

placenta and fetal liver (mice) or the caudal hematopoietic tissue (zebrafish), where HSCs proliferate 

before transitioning to the adult niche that maintains the HSC population for the remainder of the 

lifetime of the animal; the bone marrow in the mouse and the kidney marrow in the zebrafish 

(Murayama et al. 2006, reviewed in Medvinsky et al. 2011). The journey of a developing HSC in the 

model organisms focused on here (mouse and zebrafish) proceeds through similar stages of 

development: specification, emergence, and expansion before moving to the adult maintenance niche 

(Figure 1.1). The specific anatomical regions for these events vary between organisms, but the niche 

functions appear conserved. 
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Figure 1.1. Model organisms used to study embryonic hematopoiesis. Early HSC development can 
be divided into three phases: specification, emergence, and expansion. These stages are conserved 
among vertebrates, but the precise anatomical locations where these events take place vary slightly 
between model organisms. Specification is the process by which developing HSCs receive molecular 
cues that inform their fate before they emerge. In the zebrafish, these cells arise from the posterior 
lateral mesoderm (PLM), which migrate beneath the somites to the midline of the embryo to form the 
vasculature. This process is similar in the mouse embryo, with HSCs deriving from cells of the 
mesoderm. Emergence in both the zebrafish and the mouse occurs in the aorta (fish), or the aorta – 
gonad – mesonephros (AGM) region (mouse). HSCs that are embedded within the aortic endothelium 
emerge from the aorta in a process called the endothelial to hematopoietic transition, and enter 
circulation into the vein (fish) or the aorta (mouse). Relatively few HSCs emerge from the aorta, so 
their numbers are expanded in a niche that supports proliferation. In fish, this is the caudal 
hematopoietic tissue (CHT), and in mouse this is the fetal liver. Eventually, the HSCs seed the adult 
hematopoietic organs where they will be maintained for the lifetime of the animal (fish: kidney 
marrow, mouse: bone marrow). 
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1.2: The Wnt signaling pathway 

Wnt signaling is an evolutionarily highly conserved pathway critical for the generation of cell 

diversity and polarity amongst all metazoan species. Although much of the published literature 

distinguishes Wnt signaling into two broad types, the canonical and non-canonical pathways, recent 

studies suggest a more integrated view where Wnt proteins through their short range signaling nature 

simultaneously activate “cell fate” (= canonical) and “cell polarity” (= non-canonical) cascades 

(reviewed in Loh et al. 2016). Broadly speaking, both pathways employ the Wnt signaling molecules, 

their cognate receptors encoded by the Frizzled (Fzd) gene family and the intracellular signaling 

molecule Dishevelled (Dvl/Dsh). Downstream of these shared signaling units, the two pathways are 

quite distinct, with the cell fate cascade defined by the signaling components Glycogen Synthase 

Kinase 3 (GSK3), Axin and Adenomatous Polyposis Coli (APC), and β-catenin. In contrast, the cell 

polarity cascades acts through proteins like Vangl, Celsr and Prickle to regulate cellular orientation 

within a group of cells. Over the years, the cell fate pathway has garnered most attention, yielding 

important insights into its mode of action and its roles in development and disease.  

The key mediator of the cell fate cascade is β-catenin: in the absence of Wnt signal, a 

destruction complex consisting of Axin, GSK3β, APC, and other proteins promotes phosphorylation 

of β-catenin, thereby targeting it for ubiquitination and degradation by the proteasome (Aberle et al. 

1997). Transcription factors T-cell factor (TCF) and lymphoid enhancer binding factor (LEF) reside in 

the nucleus bound to regulatory regions of Wnt target genes and to co-repressors, such as Groucho to 

inhibit transcription (Cavallo et al. 1998). Upon transduction of a Wnt signal through a Fzd receptor 

complexed with an LRP5/6 co-receptor, Dvl/Dsh and components of the destruction complex are re-

localized to the membrane (Bhanot et al. 1996, Yang-Snyder et al. 1996, Holmen et al. 2002), 

releasing β-catenin from constitutive degradation. Increased cytosolic β-catenin translocates to the 

nucleus, where it binds TCF and LEF to act as a co-activator to initiate transcription of Wnt target 

genes (Daniels and Weis 2005) (Figure 1.2). 
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Several features ensure tight control of this signaling pathway, which is critical for proper cell 

fate diversification and specification. First, the signaling range of Wnt proteins is highly restricted, a 

feature afforded by the covalent attachment of a lipid, thus rendering the protein highly hydrophobic 

and poorly soluble once secreted from a cell (Willert et al. 2003, Takada et al. 2006). Second, a host 

of negative regulators act at multiple levels of the signaling cascade, including on the Wnt proteins 

themselves (e.g. Sfrp, Notum), the Fzd/LRP receptor complexes (e.g. Rnf43, Dkk), the intracellular 

signaling cascade (e.g. Axin2, Nkd), and on the transcriptional response (e.g. ICAT, Sp5). Several of 

these negative regulators are target genes of Wnt/β-catenin signaling, thus establishing negative 

feedback loops that restrict the spatial and temporal response to Wnt signals. 

In contrast to this cell fate cascade, which exerts much of its effects through changes in gene 

expression, the Wnt cell polarity pathway acts independently of β-catenin and regulates complex 

biological processes, such as planar cell polarity, convergent extension and cell migration. The study 

of the Wnt polarity pathway has proven more difficult than the study of the Wnt cell fate pathway, 

owing in large part to the scarcity of in vitro assays and the need for complex biological systems, such 

as imaging of explants or whole animals. In addition to this pathway utilizing distinct intracellular 

effectors, such as Vangl, Celsr and Prickle, the interactions of which remain poorly understood, this 

pathway in certain contexts employs non-Fzd receptors, such as Ror1/2 and Ryk. While this review 

will focus primarily on the cell fate pathway, we will also highlight notable roles of the Wnt cell 

polarity pathway. It should be stressed that development of HSCs, like many complex biological 

processes, requires input from both Wnt signaling pathways.  
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Figure 1.2. The (β–catenin mediated) Wnt signaling pathway. In the absence of a Wnt ligand, a 
destruction complex phosphorylates β–catenin and targets it for ubiquitination and degradation. The 
transcription factor TCF is bound to Wnt target genes and acts as a co-repressor with Groucho. When 
a Wnt ligand is present, it binds a Frizzled receptor and LRP co-receptor which causes the destruction 
complex to associate away from β–catenin, which builds up in the cytoplasm and translocates to the 
nucleus to act as a transcriptional co-activator with TCF to initiate transcription of Wnt target genes 
such as Axin2, Dkk, and Sp5. 
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1.3: Zebrafish hematopoietic development 

As zebrafish HSC precursors develop from cells of the posterior lateral mesoderm, they 

receive a complement of molecular cues that informs their identity as HSCs; this process is termed 

specification. Eventually, specialized cells of the endothelium will undergo an endothelial to 

hematopoietic transition and bud off from the endothelium in a process termed emergence, which 

initiates at 26 hours post fertilization (hpf). Next, nascent HSCs move to the caudal hematopoietic 

tissue (CHT) where they proliferate during the expansion phase of HSC development. We will discuss 

the requirement for Wnt signaling during each of these three phases: specification, emergence and 

expansion (Figure 1.1). 

 

The Wnt cell polarity pathway is required for zebrafish HSC specification 

To date, a requirement for the Wnt cell fate pathway (= Wnt/β-catenin) in HSC specification 

in zabrafish has not been demonstrated. However, Wnt16 acting in a β-catenin-independent manner is 

required in the somites for HSC specification in a non – cell autonomous manner (Clements et al. 

2011a). Knockdown of wnt16 via injection of an antisense morpholino oligonucleotide decreases HSC 

marker gene expression at 24 hpf, before HSCs have begun to emerge, indicating a defect in HSC 

specification. This decrease in HSC number is sustained into later stages of hematopoietic 

development. Knockdown of wnt16 causes a loss of Notch ligand deltaC and deltaD expression in the 

somites, and overexpression of deltaC and deltaD in the context of the wnt16 morpholino is sufficient 

to rescue the loss of HSC phenotype. This Wnt16 signal sets up a Notch3 cue that is not received 

directly by the HSCs, but must be received by somite – adjacent cells between 15 – 17 hpf (Clements 

et al. 2011a, Kim et al. 2014). Knockdown of wnt16 led to a reduction in expression of markers of the 

sclerotome, a compartment of the somite that has been shown to be important for HSC development, 

although the exact mechanisms by which it is required is not known (reviewed in Butko et al. 2016). 

Rspondin1, an activator of the Wnt pathway, regulates this requirement for Wnt16. Loss of Rspondin1 
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results in decreased wnt16 expression, and subsequent loss of HSC specification (Genthe and 

Clements 2017). 

 

Wnt is required for zebrafish HSC emergence 

Many lines of evidence support the conclusion that zebrafish HSC emergence depends upon 

Wnt cell fate signaling. Our recent work showed that loss of Wnt9a in the somites caused a decrease in 

HSC number after initiation of emergence with no discernible negative impact on HSC specification 

(Grainger and Richter et al. 2016). This Wnt signal is unrelated to the somitic requirement for wnt16, 

as it is temporally distinct and does not impact specification. Interestingly, Wnt9a is required pre –20 

hpf, but the HSC phenotype does not occur until much later, around 32 hpf, indicating that Wnt9a 

establishes a permissive environment for later HSC amplification. Similarly, overexpression of the 

Wnt antagonist dkk1 causes a decrease in HSCs and progenitors at 36 hpf (as detected by expression 

of cmyb), which is during the emergence window (Goessling et al. 2009).  Overexpression of wnt8, 

which in this context potently activates the cell fate pathway, caused an increase in HSCs during the 

emergence window (Goessling et al. 2009). Inhibiting the secretion of all Wnt ligands using a 

chemical inhibitor of Porcupine (Porcn) (Chen et al. 2009), an enzyme which is required for the lipid 

modification and subsequent secretion of Wnts, also caused a loss of HSCs during the emergence 

window (Chen et al. 2009, Biechele et al. 2011, Grainger and Richter et al. 2016). 

 Results from manipulation of cytoplasmic components of the Wnt pathway also support the 

conclusion that Wnt cell fate is required for HSC emergence. Overexpressing axin1 or stabilizing 

Axin1 protein by chemically inhibiting Tankyrases, which promote degradation of Axin, inhibited the 

Wnt pathway and resulted in a decrease of cmyb+ cells during HSC emergence (Goessling et al. 2009, 

Wang, Yin, et al. 2013).  Conversely, using a small molecule to increase the association between Axin 

and LRP6 to stimulate the Wnt pathway caused an increase in cmyb+ cells during HSC emergence 

(Wang, Yin, et al. 2013). Activating the pathway by inhibiting GSK3β with lithium increased the 
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number of flk1/cmyb – double positive HSCs emerging from the aortic floor (Grainger and Richter et 

al. 2016). Overexpression of a constitutively active β–catenin also increased the number of cmyb+ 

cells within the HSC emergence window (Grainger and Richter et al. 2016). Altogether, these 

experiments provide strong evidence that cytoplasmic components of the Wnt cell fate pathway are 

necessary for HSC emergence. 

 Inhibition of Wnt signaling at the level of target gene activation also demonstrated that Wnt is 

required for HSC emergence. Expression of a dominant-negative Tcf transgene (dntcf) that lacks the 

β-catenin binding domain results in cells unable to respond to an extracellular Wnt signal. 

Downregulation of the Wnt pathway via expression of dntcf resulted in decreased numbers of cmyb+ 

hematopoietic cells during HSC emergence in multiple studies (Goessling et al. 2009, Grainger and 

Richter et al. 2016). Interestingly, expression of dntcf also caused a decrease in gata1+ primitive 

blood cells, suggesting Wnt may also play a role in earlier waves of hematopoietic development 

(Lengerke et al. 2008). Experiments utilizing the dntcf transgene have provided insight into the critical 

tissue that must receive this canonical Wnt cue. Tissue specific expression of dntcf in fli1a+ 

endothelium and, more specifically, gata2b+ hemogenic endothelium was sufficient to recapitulate 

whole-embryo dntcf expression (Grainger and Richter et al. 2016). This suggests that cells of the 

hemogenic endothelium must receive a critical Wnt cell fate cue to successfully develop and emerge 

from the aortic endothelium. 

 

The role of Wnt signaling in zebrafish HSC expansion 

The caudal hematopoietic tissue has long been considered the main site of HSC proliferation 

in the zebrafish embryo, analogous to the mouse placenta or fetal liver. Recent reports have provided 

evidence for HSCs undergoing expansion within the aorta prior to emergence and migration to the 

caudal hematopoietic tissue (Goessling et al. 2009, Grainger and Richter et al. 2016). It is not clear 

whether Wnt signaling plays a role in HSC expansion within the caudal hematopoietic tissue, but the 
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Wnt pathway does have a critical function in the more recently described intra-aortic expansion of 

cells fated to become HSCs. It is not yet clear whether this proliferation occurs within hemogenic 

endothelial cells or in nascent HSCs due to a lack of marker genes that differentiate these cell types. 

Proliferation of intra-aortic hematopoietic cells has been described in mouse development; providing 

evidence that this aortic expansion event is conserved between species (Boisset et al. 2015). Inhibition 

of Wnt via overexpression of axin1, dkk1, or dntcf decreased proliferative cells within the aorta as 

measured by the incorporation of BrdU into dividing cells. Conversely, overexpression of wnt8 to 

stimulate the Wnt pathway resulted in an increase in proliferation (Goessling et al. 2009). Proliferative 

cells within the aorta have been shown to be positive for the HSC marker gata2b (Grainger and 

Richter et al. 2016). Upon morpholino-mediated knockdown of wnt9a, gata2b+ HSCs are arrested in 

the G1 phase of the cell cycle and failed to undergo intra-aortic proliferation. This phenotype is likely 

due to a reduction in expression of the cell cycle regulator and Wnt target gene myca (the zebrafish 

homolog of Myc) that occurs when the Wnt pathway is inhibited. The importance of myca is further 

evidenced by its ability to rescue the HSC defect in wnt9a morphants (Grainger and Richter et al. 

2016). Interestingly, Goessling et al. (2009) reported that overexpression of negative regulators of Wnt 

signaling caused both an increase in apoptosis and a decrease in proliferation, while Grainger and 

Richter et al. (2016) did not observe an increase in apoptosis with the overexpression of dntcf, but saw 

a lack of proliferation consistent with previously published results. These studies provide strong 

evidence that Wnt cell fate signaling is required for proliferation of developing HSCs within the aorta. 
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1.4: Mouse hematopoietic development 

The majority of the research on the role of Wnt signaling in mouse hematopoietic 

development has focused on the emergence and expansion of HSCs. There has been no direct evidence 

that Wnt signaling plays a role in mouse HSC specification, though Wnt has been implicated in the 

development of primitive blood and erythromyeloid progenitors in the mouse (Nostro et al. 2008, 

Frame et al. 2016). We will focus on the role of Wnt in the emergence and expansion of HSCs in the 

mouse embryo (Figure 1.1). 

 

Mouse HSC emergence is regulated by Wnt signaling 

Mouse HSCs emerge directly from aortic endothelium that undergoes an endothelial to 

hematopoietic transition within the aorta–gonad–mesonephros (AGM) region. Wnt pathway 

components such as Dishevelled, TCF, and β–catenin are expressed in the AGM around the time of 

HSC emergence (E10-E12), and nuclear β–catenin is restricted to distinct endothelial cells at the base 

of intra-aortic hematopoietic clusters, which hints at a possible role for Wnt during HSC emergence 

(Orelio and Dzierzak 2003, Ruiz-Herguido et al. 2012a). This was further investigated using explant 

culture experiments where the AGM region was dissected from mouse embryos and cultured in vitro. 

Treating E10.5 AGM explants with a GSK3 inhibitor (SB216763) to activate the Wnt pathway 

increased HSC emergence as measured by a colony forming cell (CFC) assay and by hematopoietic 

reconstitution of irradiated recipients. Conversely, inhibiting Wnt with a small molecule that interferes 

with the β–catenin/TCF complex (PKF-115) caused a decrease in HSCs (Ruiz-Herguido et al. 2012a). 

Tissue specific loss of Wnt using a conditionally inactivatable β–catenin allele in VE-Cadherin-

positive endothelial cells caused a significant decrease in HSC emergence, as measured by a CFC 

assay. Interestingly, loss of Wnt after hematopoietic fate acquisition by inactivating β–catenin in 

Vav1+ hematopoietic cells had no affect on HSC function (Zhao et al. 2007, Ruiz-Herguido et al. 

2012a). Together, these data suggest that Wnt is required in endothelial cells during HSC emergence 
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from the aorta, but is dispensable after HSCs have emerged and begun to express mature 

hematopoietic markers.  

 

Wnt is required in the fetal liver for HSC function 

After HSCs emerge from the aorta in the mouse embryo they migrate to the placenta and fetal 

liver, both niches that promote HSC proliferation. Wnt pathway components such as β–catenin and 

Wnt3a are expressed in the fetal liver at E12.5, a time period when HSC numbers expand (Orelio and 

Dzierzak 2003, Luis et al. 2010). Loss of Wnt3a by genetic knockout caused early lethality at E12.5 

due to many severe developmental phenotypes, but analysis of hematopoiesis in the fetal liver was still 

possible. Wnt3a-/- embryos displayed a severe reduction in HSC numbers (as defined by the HSC 

signature LSK+(Lineage-, Sca1+, c-kit-) Flt3-) in the fetal liver, with the remaining HSCs exhibiting 

defects in self-renewal and poor long-term reconstitution capacity in wild-type hosts (Luis et al. 

2009a). This loss of Wnt3a was not compensated by any other Wnt genes expressed in the fetal liver, 

suggesting that Wnt3a is the primary Wnt regulating fetal liver HSC function (Luis et al. 2010). It is 

not clear whether the HSC defects seen in the fetal liver of Wnt3a-/- embryos are a result of earlier 

hematopoietic events gone wrong, such as decreased HSC emergence due to lack of Wnt signaling, or 

if these experiments represent yet another requirement for canonical Wnt during the developmental 

journey of an HSC. Ex vivo experiments in which fetal liver cells were co-cultured on the bone 

marrow stromal cell line OP9 showed that exposure to exogenous Wnt3a affects HSC differentiation 

into downstream lineages; high Wnt3a arrested T-cell development in vitro and in vivo, and increased 

differentiation into B-cells in vivo (Famili et al. 2015). Together, these data suggest that Wnt3a acting 

through the cell fate pathway is required in the fetal liver for proper HSC function, including self-

renewal and differentiation into downstream blood lineages.  

 

 



	
  

	
   13 

Mouse hematopoietic development in vitro 

The importance of Wnt signaling in hematopoietic development has been investigated in 

mouse embryonic stem cells differentiating in vitro to hematopoietic lineages. Activation of the Wnt 

pathway with exogenous Wnt3a increased the number of hematopoietic cells either by CFC assay or 

by expression of hematopoietic markers by qPCR (Naito et al. 2006, Goessling et al. 2009). Inhibition 

of Wnt via the addition of DKK1 decreased hematopoietic output as measured by the expression of 

hemoglobin y (Hbb-y) (Rai et al. 2012). These results are consistent with the general positive 

correlation between Wnt signaling and hematopoietic development. However, this does not seem to be 

true for all Wnts: Wnt2-/- embryonic stem cells gave rise to an increased number of blast colony-

forming cells (BL-CFCs), suggesting that some Wnts, like Wnt2, have a repressive affect on 

hematopoietic differentiation (Wang et al. 2007). This provides support for the theory that Wnts can 

have unique functions and may be required in a non-redundant manner for various hematopoietic 

processes, such as Wnt9a in the zebrafish hemogenic endothelium and Wnt3a in the mouse fetal liver. 
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1.5: Human hematopoietic development in vitro 

Although derivation of HSCs capable of multilineage engraftment from human pluripotent 

stem cells (hPSCs) has not been achieved, significant insights have been made on the role of Wnt 

signaling during hematopoietic development in vitro, which largely mimics development in an 

organism: cells are first committed to the mesodermal lineage and are further specified towards a 

specialized type of hemogenic endothelium, which then gives rise to hematopoietic stem and 

progenitor cells (HSPCs (Figure 1.3)) (reviewed in Ditadi et al. 2017). The spatial 

compartmentalization of in vivo HSC development is nonexistent in this in vitro system, and 

differences among individual hPSC lines and between differentiation protocols confounds comparison 

of multiple studies, as timing of developmental stages may vary. However, the requirement for Wnt 

signaling in the in vitro differentiation system largely mirrors the requirements for Wnt in 

hematopoietic development in model organisms.  

 Multiple studies provide evidence that Wnt is required for specification of HSPCs in vitro. 

Stimulating the pathway using a GSK3β inhibitor (CHIR99021) early in the differentiation protocol 

promoted the specification of posterior mesoderm that gave rise to hemogenic endothelium (Kitajima 

et al. 2015). These results are consistent with previously described roles for Wnt during the 

specification of mesoderm in vivo (reviewed in Clements and Traver 2013). Wnt also is required for 

the specification of definitive hematopoiesis at the expense of primitive hematopoiesis as inhibition of 

Wnt secretion (with the Porcn inhibitor IWP-2) during a mid-early stage of differentiation abrogated 

T-cell differentiation potential of hematopoietic progenitors. Stimulating the pathway with a GSK3β 

inhibitor during the same time frame inhibited primitive hematopoiesis and enhanced definitive 

hematopoiesis, as measured by T-cell potential (Sturgeon et al. 2014). These findings are 

contradictory to others suggesting that Wnt is required for development of primitive blood in the 

mouse (Nostro et al. 2008). However, these distinctions are consistent with differences in the ways 

that mesoderm is patterned in the human and mouse embryo (reviewed in Ditadi et al. 2017). 



	
  

	
   15 

Activating the pathway via addition of Wnt3a or Wnt1 protein throughout the course of differentiation 

resulted in an increase in HSPCs, and the addition of DKK1 inhibited HSPC production (Woll et al. 

2008, Wang and Nakayama 2009, Gertow et al. 2013). These results support the model that Wnt 

signaling is required for the development of HSPCs, mirroring the requirements identified in vivo. 
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Figure 1.3. Hematopoietic development during in vitro differentiation. The development process is 
similar between human cells in vitro and cells in vivo; albeit with a lack of spatial separation in vitro. 
Hematopoietic stem and progenitor cells (HSPCs) are derived from the mesodermal lineage that is 
further specified to become cells that will contribute to definitive hematopoiesis. These cells are 
pushed towards an endothelial fate by a growth factor cocktail usually containing VEGF, and 
eventually become hemogenic endothelium. The emergence process yields HSPCs expressing various 
hematopoietic marker genes. 
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1.6: Conclusions 
 

HSCs are capable of giving rise to all cells of the blood. The ability to derive patient-specific 

HSCs in vitro is of great interest to the scientific and medical communities, as these cells have high 

therapeutic potential. However, it is still not possible to generate therapy-grade HSCs from pluripotent 

precursors. A better understanding of signals, including Wnt, that promote the differentiation to HSCs 

is critical in achieving this goal. 

 As documented in this review, Wnt signaling influences HSCs at multiple stages and in many 

systems, at times with varying conclusions as to the role that Wnt plays in the context of HSC biology 

(Table 1.1). Depending on the age of the animal or the system used to analyze HSCs, Wnt has been 

shown to promote the development, expansion, and maintenance of HSCs (reviewed in Lento et al. 

2013). In other contexts, Wnt has been shown to inhibit self-renewal and eliminate the HSC pool 

(Kirstetter et al. 2006, Scheller et al. 2006). In the adult system, the dosage of Wnt dictates its effect 

on the maintenance of HSCs and differentiation into downstream lineages (Luis et al. 2011).  

 Evidence from the mouse and zebrafish systems indicates that Wnt is required in the 

endothelium for HSCs to emerge from the aorta, but is dispensable after HSCs have already emerged 

(Zhao et al. 2007, Ruiz-Herguido et al. 2012, Grainger and Richter et al. 2016). Wnt may also be 

necessary for the embryonic expansion of HSCs (Luis et al. 2009a, Grainger et al. 2016). Wnt has also 

been shown to promote the expansion of adult HSCs in vitro (Reya et al. 2003, Willert et al. 2003). 

Wnt is required for HSC specification in the human embryonic stem cell differentiation system, 

suggesting that this requirement for Wnt during HSC development is highly conserved amongst 

different organisms (Sturgeon et al. 2014). 

 Although there is clear evidence supporting a role for Wnt during HSC emergence and 

expansion, we do not yet have a clear understanding of the mechanism by which a Wnt signal acts on 

HSCs. In the zebrafish, Wnt acts as a proliferative cue for HSCs in the aorta by signaling through 

myca, a previously described Wnt target (Grainger and Richter et al. 2016). However, we do not know 
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whether the downstream response to Wnt is similar in other systems, like in the mouse endothelium. It 

may also be important to understand the specific ligands that mediate the Wnt signal, as multiple 

studies have hinted that other Wnts cannot compensate for the loss of critical ligands, and various 

Wnts affect hematopoietic development in different ways (Wang et al. 2007, Luis et al. 2010, 

Grainger and Richter et al. 2016). This is likely due to a combination of receptor-ligand specificity and 

differences in spatio-temporal expression of Wnts and Frizzleds. Most differentiation protocols utilize 

small molecule activators or inhibitors of the Wnt pathway, many of which have off-target effects. 

Stimulation of the Wnt pathway using the specific molecules that direct HSC development in vivo may 

improve differentiation protocols to generate HSCs in vitro.  
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1.7: Rationale and Specific Aims 

 HSCs are the adult stem cell population that gives rise to all cells of the blood. This is 

exploited in therapeutic settings, where HSC transplants are used as a curative treatment for many 

blood disorders and cancers (Hatzimichael and Tuthill 2010). It would be of great benefit to patients 

and the medical community if these transplants were not reliant on the supply of HLA-matched HSCs 

from donors. hPSCs have great potential as a source for patient-matched HSCs. In theory, somatic 

cells from a patient could be reprogrammed to a pluripotent state (induced Pluripotent Stem Cells, 

iPSCs), differentiated to HSCs, and transplanted back into the patient. However, it is still not possible 

to derive a therapy-grade HSC in vitro, likely due to an incomplete understanding of the many 

complex molecular cues that direct HSC development in vivo.  

I specifically focused on the Wnt signaling pathway as a critical mediator of HSC 

development. In Chapter 3, I will detail how I used the zebrafish as a model of normal in vivo 

hematopoiesis and identified a critical cue, Wnt9a, which is required for HSC development. The 

zebrafish is an ideal model in which to study hematopoiesis, as they develop quickly, are easy to 

image and analyze, and the process of HSC development is highly conserved amongst vertebrates. In 

Chapter 4, I explain how I translated my zebrafish findings to the human system by modulating 

expression of WNT9A throughout in vitro differentiation of hPSCs to HSPCs. 

 

Chapter 1, in part, was originally published in Critical Reviews in Biochemistry and 

Molecular Biology. Richter, J., Traver, D., Willert, K. The role of Wnt signaling in hematopoietic stem 

cell development. Critical Reviews in Biochemistry and Molecular Biology, 52(4): 414-424 (2017). 

Copyright © 2017 Taylor & Francis. The dissertation author was the primary author of this paper.
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CHAPTER 2: MATERIALS AND METHODS 

2.1: Zebrafish Lines and Maintenance 

Zebrafish were maintained and propagated according to University of California and local 

institutional animal care and use committee policies (Protocol S04168). AB∗, Tg(cmyb:eGFP)zf169Tg 

(North et al. 2007), Tg(hsp:Gal4)kca4Tg/+ (Lawson et al. 2001), Tg(fli1a:eGFP) (Lawson and Weinstein 

2002), Tg(kdrl:eGFP)s843 (Jin et al. 2005), Tg(fli1a:Gal4), Tg(kdrl:Cherry-CAAX)y171 (Fujita et al. 

2011), Tg(fli1a:EcRF-VP16) (Swift et al. 2014), Tg(gata2b:KalTA4; UAS:Lifeact:eGFP) (Butko et al. 

2015), Tg(hsp70l:dntcf7l1a)w26 (Lewis et al. 2004),	
  Tg(7X TCF-X.laveis-siamois:eGFP)ia4 (Moro et al. 

2012), Tg(Dual FUCCI) (Sugiyama et al. 2009), Tg(phldb1:KalTA4) (Distel et al. 2009), and 

Tg(T2KTp1bglob:hmgb1-mCherry)jh11 (Parsons et al. 2009) lines have been previously described. 

Tg(UAS-dntcf7l1a-CG2), Tg(UAS: wnt9a)and Tg(UAS:myca) founders were established by injecting 

25 pg of the constructs described below with 100 pg of transposase mRNA at the one-cell stage. For 

simplicity in the text, these lines are referred to with shortforms listed in square 

brackets: Tg(cmyb:eGFP)zf169Tg [cmyb:eGFP], Tg(kdrl:Cherry-CAAX)y171 [kdrl:mCherry], 

Tg(fli1a:eGFP) [fli1a:eGFP], Tg(kdrl:eGFP)s843 [kdrl:eGFP], Tg(7X TCF-X.laveis-

siamois:eGFP)ia4 [7XTCF:eGFP], Tg(gata2b:KalTA4; UAS:Lifeact:eGFP) [gata2b:eGFP] 

and Tg(hsp70l:dntcf7l1a)w26 [hsp:dntcf], Tg(UAS-dntcf7l1a-CG2)[UAS:dntcf], Tg(UAS: wnt9a) 

[UAS: wnt9a], Tg(UAS:myca) [UAS:myca], Tg(phldb1:KalTA4) [phldb:KalTA4], Tg(Dual FUCCI) 

[FUCCI], and Tg(T2KTp1bglob:hmgb1-mCherry)jh11 [TP1:mCherry]. 

 

2.2: Morpholino knockdowns and cDNA rescues 

 Morpholinos (MOs) for wnt9a were targeted to retain the first intron with sequence 5′-

GAAAGAATTGTCCTGCCTACCCGAA-3′, or targeted to block the ATG start codon (wnt9a ATG-

MO) with sequence 5′-CCAGGAGAAGGTGTCCATCCAGCAT-3′ from GeneTools (Philomath. OR, 

USA). A MO for wnt9b was targeted to block the ATG start codon (wnt9b ATG-MO) with sequence 
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5’-CAGTCCTCGGAAGCCCGGTGCACAT-3’. One-cell stage zebrafish zygotes were injected with 

1 ng of wnt9a MO, and retention of the intron was confirmed by PCR. Both ATG-MOs were used at a 

concentration of 2 ng per injection. Rescue experiments were performed by injecting the indicated 

amount of plasmid DNA with 1 ng of wnt9a MO. 

 

2.3: Generation of zebrafish mutants 

 Mutation of the wnt9a locus was achieved by injecting 100 ng of Cas9 mRNA (Trilink, San 

Diego, CA, USA) and 100 ng of short guide RNA (sgRNA) targeting exon 1 (5’-

ATTGGGACGGCTAATAGATT- 3’). Mutations were confirmed by sequencing individuals. 

 

2.4: Whole-mount in situ hybridization (WISH) 

RNA probe synthesis was carried out according to the manufacturer’s recommendations using 

the DIG-RNA labeling kit (Roche, Basel, Switzerland). Probes for dll4, hey2, notch1b, msr, kdrl, 

cdh17, cmyb, and runx1 and WISH protocols have been previously described (Rowlinson and Gering 

2010, Clements et al. 2011a, Kobayashi et al. 2014). The probe constructs for all wnt genes were 

generous gifts from W. Herzog. 

 

2.5: Fluorescence-activated cell sorting of zebrafish embryos 

 Zebrafish were dissociated using Liberase TM (Roche) and filtered through an 80-µm filter. 

Cells were sorted on a BD Influx cell sorter according to standard procedures.  

 

 

2.6: Flow cytometry and fluorescence-activated cell sorting of cultured cells 

 Cells were dissociated using TrypLE Express and resuspended in FACS buffer. When 

indicated, cells were stained with anti-CD34-APC and anti-CD45-PE antibodies (BioLegend, San 
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Diego, CA, USA). Cells were analyzed by standard means on a BD FACSCanto or a BD LSRFortessa. 

Cells were sorted on a BD FACSAria II according to standard procedures. Flow cytometry data was 

analyzed using FlowJo software (FlowJo, Ashland, OR, USA). 

 

2.7: qPCR 

 RNA and cDNA were synthesized by standard means and qPCR was performed using iTaq 

Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s 

recommendations and analyzed using the 2-ΔΔCt method (Schefe et al. 2006). Sequences of primers 

used are shown in Table 1.2. 
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Table 1.1. Zebrafish gene qPCR primers used in this study. 

Target Fwd (5'-3') Rev (5'-3') 
ef1a GGAGGCTGCCAACTTCAACGCTC GCTTCTTGCCAGAACGACGGTCG 
wnt1 TTAACTTTGCCCTTTCAGAT GTACCAGCTGCACATTCTTA 
wnt2 AAGACTCGCCTGACTACTGT GACTCACTCTTGATGTGTCG 

wnt2ba GAGAACTCTCCGGACTACTG CACCATTTAAACTTGCACTC 
wnt2bb ACGGGACAGGATTTACAGTAGC TTGTTACAGACCCGACCAGC 

wnt3 CAGTGAAGATGCTGAATTTG CATGTTCTCCAATATGGTCA 
wnt3a GTGTCCCGAGAGTTTGCTGA GCCCGTGACACTTGCATTTC 
wnt4a TAAAGGACAGTCATCCAACA GTCTTGACTTCGCAGGAG 
wnt4b TCATGGAGTCCGTGCGAAAG TTCACGCGTTCCTTGGTTCA 
wnt5a TCTGCCGACTTGAACAGACA AGAGCAGTGTGTGTGGAGTG 
wnt5b ATGAATCTGCAGAACAATGA CGTATTTCTCCTTCAGGAAT 

wnt7aa AGATGCACGGGAGATCAAGC CCGAAACTTGGGGAGAGTGG 
wnt7ba GGATGCACGAGAGATAAAA CCATGACATTTACATTCCAG 
wnt7bb GAGTTCTCACGGAAGTTTGT ACATTTACATTCCAGCTTCA 
wnt8a TTCTAAACAATTCGTGGATG CTTCATTGTCGCTTTTACAG 
wnt8b GCACAACAACGAAGTAGGA GTTTCCCACTTCTCGAAAC 
wnt9a TGGAGACAACCTCAAATACA TGATCACCTTCATTCCTACA 
wnt9b AAAGAGGGTCAGCAAGGACC TGTCTTGAAACGGGGAGAGC 

wnt10a CGCGAGACGTACAGAGACAT ACCTGCCAACAGGTCTTCAG 
wnt10b CGCTTTTCTAGAGATTGGTT TGCACTTTCTCCTCATATTG 
wnt11 TCAGCTCACCGGATTACT CACCTCTGTGTAGGCATTAT 
wnt16 ATGAAGCAGCATAACAGTGA GTCTTTACCGCACATGAAC 
runx1 ACGGTCCTATAGACGGTCCT GGATCTGTGAACGCCGTCAG 
axin2 GACAAGAGTCACCCAGTGCC GTACGTGACTACCGTCTCCG 
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Table 1.2. Human gene qPCR primers used in this study. 

Target Fwd (5'-3') Rev (5'-3') 
ACTB CATCCGTAAAGACCTCTATGCC ATGGAGCCACCATCCACA 

GAPDH CCTGCACCACCAACTGCTTA CCATCACGCCACAGTTTCC 
RPL13A CCTTCCTCCATTGTTGCCCT TGCACAATTCTCCGAGTGCT 

BRY 
CAGTGGCAGTCTCAGGTTAAGAAG

GA CGCTACTGCAGGTGTGAGCAA 

CD31 TTCCTGACAGTCTCTTGAGTGG TTTGGCTAGGCGTGGTTCTCAT 
CD34 CAATGAGGCCACAACAAACATC GGTGGTGAACACTGTGCTGATT 
VE-

Cadherin ATGCACCTGTGTTTGAGAAAAGC CCTGGATGCGGTATGAGACTT 
SOX17 AGGAAATCCTCAGACTCCTGG CCCAAACTGTTCAAGTGGCAG 
GATA2 AGCCGGCACCTGTTGTGCAA TGACTTCTCCTGCATGCACT 
CD45 CTCTACGCAAAGCTAGGCCA ACTTGTCCATTCTGAGCAGG 

CMYB 
GTCACAAATTGACTGTTACAACACC

AT 
TTCTACTAGATGAGAGGGTGTCTG

AGG 
RUNX1c TGGTTTTCGCTCCGAAGGT CATGAAGCACTGTGGGTACGA 
AXIN2 CAGCAGAGGGACAGGAATC CAGTTTCTTTGGCTCTTTGTG 

SP5 GCAAGGTGTACGGGAAGACG GAAGAGCCAGTTGCACACGA 
WNT9A ACAACCTCGTGGGTGTGAAG CTCATGGAAAGGCGCCAACT 
FZD9 GCCTGTGCTACCGCAAGATA GTTCTCCAAAGAGGGGTCCG 
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2.8: Quantifying HSPCs in zebrafish embryos 
  
HSPCs were quantified by counting the number of kdrl:mCherry; cmyb:eGFP or kdrl:mCherry; 

gata2b:GFP double positive cells in the floor of the DA in the region above the yolk extension in a 

625 µm confocal Z stack encompassing the entire mediolateral segment of the aorta. The number of 

HSPCs per millimeter was calculated from these data. Confocal images were generated by stacking 

one to four individual Z slices. When quantifying WISH data, the number of cmyb+ cells was counted 

above the yolk extension. 

2.9: Cell lines and culture conditions 
 

All experiments described in this dissertation were approved by a research oversight 

committee (IRB/ESCRO Protocol #100210, PI Willert). Human embryonic stem cell (hESC) H9 cells 

were obtained from WiCell (Madison, WI). H9-RUNX1c:GFP; SOX17:mCherry reporter cells were 

obtained under a Material Transfer Agreement from Dr. Andrew Elefanty (Monash University, 

Melbourne, Australia) (Ng et al. 2016). Cells were maintained in Essential 8 (E8) media (DMEM/F12 

supplemented with L-Ascorbic Acid, Selenium, Transferrin, NaHCO3, Insulin, TGFβ1, and FGF2) as 

described previously (Chen et al. 2011).  Transgenic cell lines were maintained in 2 ug/mL Puromycin 

(Thermo Fisher Scientific, Waltham, MA, USA). Cells were passaged every 5 days with TrypLE 

Express (Thermo Fisher Scientific) and seeded onto Matrigel- (Corning, Corning, NY, USA) coated 

tissue culture dishes in medium containing 1 uM Rock inhibitor (Y-27632 dihydrochloride; Enzo Life 

Sciences, Farmingdale, NY, USA).  HEK293, and HEK293T cells were cultured in 1× high glucose 

DMEM, 10% (vol/vol) FBS, and 1% (vol/vol) L-glutamine penicillin/streptomycin. HEK-293 

TOP:FLASH cells have been previously generated (Fernandez et al. 2014). 
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2.10: Generation of transgenic and mutant hESC lines 

Doxycline-inducible WNT9A and Wnt3a H9 cell lines were generated by co-transfecting 

PiggyBac transposons (Li et al. 2013) encoding the transgene with a plasmid constitutively expressing 

a hyperactive version of the PiggyBac transposase (Doherty et al. 2011, Yusa et al. 2011, Burnight et 

al. 2012) using GeneIn transfection reagent (GlobalStem, Rockville, MD, USA) according to 

manufacturer directions. On the day of transfection, 10% Fetal Bovine Serum (FBS; Peak Serum, Inc., 

Fort Collins, CO, USA) was added to E8 growth media. Cells were selected for transgene integration 

with 4 ug/mL Puromycin (Thermo Fisher Scientific). The Wnt reporter cell line was generated by 

infecting H9 cells with a lentivirus containing a previously cloned lentivector (Addgene Plasmid 

#24304). Infected cells were sorted for high expression of mCherry using Fluorescence-Activated Cell 

sorting, and used for differentiation within 10 passages of lentiviral infection. WNT9A mutant cells 

were generated by co-transfection of CMV:Cas9-EGFP plasmid and U6:guide RNA plasmid into H9 

cells as written above. Single GFP+ cells were sorted on a BD Influx cytometer 48 hours after 

transfection and recultured to isolate clonal mutant lines, which were screened by PCR amplification 

and sequencing from genomic DNA. 

 

2.11: Hematopoietic differentiation 

hESCs were differentiated to HSPCs as described by Ng et al. (Ng et al. 2005, 2008). Briefly, 

on the day before beginning the differentiation, cells were passaged at a high density (approximately 

1.5 x 105 cells/cm2) into E8 media with 2.5 uM Rock inhibitor (Y-27632 dihydrochloride) onto 

Matrigel-coated tissue culture dishes using TrypLE Express. 24 hours later, cells were dissociated 

using TrypLE Express and resuspended in STEMdiff APEL2 medium (Stemcell Technologies, 

Vancouver, BC, Canada) supplemented with 40 ng/mL BMP4, 40 ng/mL SCF, 20 ng/mL VEGF 

(R&D Systems, Minneapolis, MN, USA), 10 ng/mL FGF2 (Peprotech, Rocky Hill, NJ, USA), and 2.5 

uM Rock inhibitor (Y-27632 dihydrochloride). 3 x 103 cells were seeded per well of a low-attachment 
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U-bottom 96 well plate in 100 uL of media, and incubated for 7 days in a standard tissue culture 

incubator. After 7 days, embryoid bodies (EBs) were transferred to gelatin-coated plates and 1 volume 

of media with growth factors was added. Cells were harvested and analyzed after 14 days of 

differentiation (unless otherwise indicated). When indicated, CHIR-98014 and C59 (Selleck 

Chemicals, Houston, TX, USA) were added to the differentiation at a final concentration of 0.1% 

DMSO. Doxycycline (Sigma-Aldrich, St. Louis, MO, USA) was added to induce transgene expression 

when indicated. 

 

2.12: Immunofluorescence 

Cells were grown on glass coverslips coated with Matrigel, and fixed using 4% 

paraformaldehyde. Coverslips were washed, blocked and permeabilized with 2% BSA and 0.2% 

TritonX-100 in PBS. Cells were stained with antigen-sepcific antibodies and fluorescent secondary 

antibodies. A list of antibodies used in this dissertation can be found in Table 1.4. Coverslips were 

mounted onto glass slides in mounting medium containing DAPI and imaged on a Ziess AxioImager 

microscope. 

 

2.13: Western blot 

Cells were lysed in buffer containing 1% TritonX-100, 150 mM NaCl, 50 mM Tris, pH 8.0, 

and protease inhibitors on ice, and centrifuged. Lysate was run on a SDS-PAGE and transferred to 

nitrocellulose, blotted with antibodies against the indicated target protein, and detected using enhanced 

chemiluminescence. A list of antibodies used in this dissertation can be found in Table 1.4. 

 

2.14: anti-Wnt9a antibody generation 

The anti-Wnt9a antibody was generated against a fusion protein comprised of GST fused to 70 

amino acids of the zebrafish Wnt9a protein (zWnt9a, amino acid sequence 
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LAPFHEIGKQLKQRYETSVKVASSTNEATGEGEISQSRSQSQQPPQPDIPRTPDLLHIEDSPSLE

RPHRD). This GST-zWnt9a fusion protein was generated by subcloning the open reading frame 

encoding the above 70 amino acids of zWnt9a into pGEX4T-1 (GE Healthcare Life Sciences, 

Marlborough, MA, USA), expressing the protein in BL21 bacteria induced with 1 mM IPTG, and 

purifying the protein using Glutathione Sepharose beads (GE Healthcare Life Sciences). This purified 

fusion protein was injected into rabbits at Lampire Biological Laboratories (Pipersville, PA, USA) 

according to standard practices. Serum from immunized rabbits was depleted of anti-GST antibodies 

by affinity purification over a GST column, and enriched for anti-Wnt9a antibodies by affinity 

purification over a GST-Wnt9a column. This Wnt9a antibody is reactive with both zebrafish and 

human Wnt9a (data not shown). This enriched material was utilized for immunoblotting (see Table 1.4 

for dilutions used). 

 

2.15: Luciferase assay 

 HEK 293-TOP:FLASH cells were lysed in 100 mM K-PO4 buffer with 0.2% TritonX-100. 

100 uL of assay cocktail (25 mM Tris, pH 8.0; 15 mM MgSO4; 10 mM ATP; 65 uM D-luciferin) was 

added to 20 uL of lysate, and assayed on a Perkin Elmer Envision luminometer (Perkin Elmer, 

Waltham, MA, USA).  

 

2.16: Blue Sepharose Wnt pull down from conditioned media 

 Conditioned media was collected 24 hours after indicated treatments, and TritonX-100, Tris-

Cl pH 7.5, and NaN3 were added to final concentrations of 1%, 20 mM, and 0.1%, respectively, and 

sterile filtered. Blue Sepharose bead slurry (1:1 ratio of PBS:beads) was added to conditioned media in 

a 1:100 dilution, and rotated at room temperature for 1 hour. The beads were spun down at 1000 x g 

for 3 minutes, and washed with 1% CHAPS, 150mM KCl, 50mM Tris-Cl pH 7.5 three times. The 
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washed beads were diluted in 1X protein loading buffer, heated at 95 °C for 5 minutes, then used for 

Western blotting with the indicated antibodies. 

 

 

Chapter 2, in part, was originally published in Cell Reports. Grainger, S.*, Richter, J.*, 

Palazón, R. E., Pouget, C., Lonquich, B., Wirth, S., Grassme, K. S., Herzog, W., Swift, M. R., 

Weinstein, B. M., Traver, D., Willert, K. “Wnt9a is required for the aortic amplification of nascent 

hematopoietic stem cells.” Cell Reports, vol. 17(6): 1595-1606, 2016. Copyright © The Authors. The 

dissertation author was one of the primary investigators and authors of this paper (* denotes equal first 

author contribution). 

Chapter 2, in part, has been submitted for publication in Genes. Richter J., Elefanty, A., Ng, 

E., Stanley, E., Traver, D., Willert, K. “WNT9A is a conserved regulator of hematopoietic stem and 

progenitor cell development.” The dissertation author was the primary investigator and author of this 

paper. 
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Table 1.3. Antibodies used in this study. 

 

 

 

 

 

 

Target 
Antigen Conjugation Purpose Company Cat. No. 

Dilution 
used 

wnt9a N/A Western blot 
Lampire 

Biologicals Custom 1:2000 

wnt9a N/A Immunofluorescence 
Lampire 

Biologicals Custom 1:50 
WNT9B N/A Western blot Everest EB09452 1:1000 
WNT9B N/A Immunofluorescence Everest EB09452 1:100 

CD34 APC Flow cytometry Biolegend 343608 1:100 
CD45 PE Flow cytometry Biolegend 304008 1:100 

B-Actin N/A Western Blot Sigma Aldrich A2228 1:10,000 

Goat IgG 
Alexa Fluor 

647 Immunofluorescence Invitrogen A-21447 1:200 
Rabbit 

IgG 
Alexa Fluor 

647 Immunofluorescence Invitrogen A32733 1:200 

Goat IgG HRP Western blot 
Life 

Technologies A16136 1:10,000 
Rabbit 

IgG HRP Western blot 
Southern 

Biotechnology 4050-05  1:8000 
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CHAPTER 3: THE ROLE OF WNT9A IN ZEBRAFISH HEMATOPOIETIC 

DEVELOPMENT 

 

3.1: Introduction 

Hematopoietic stem cells (HSCs) both self-renew and generate all mature blood cell types 

throughout the lifespan of the vertebrate organism. Derivation of HSCs in vitro would allow patient-

specific replacement therapies. Currently, deriving an HSC in vitro that is suitable for therapeutic use 

is not possible. Gaining a more thorough understanding of the molecular cues that direct HSC 

development in vivo will aid in improving protocols to derive HSCs from pluripotent precursors.  

HSCs originate from arterial hemogenic endothelium (HE) during vertebrate development, a 

cell population derived from posterior lateral mesoderm (PLM) in lower vertebrates, which also forms 

the vascular cord and subsequently the aorta (Fouquet et al. 1997, Liao et al. 1997, Brown et al. 2000, 

Jin et al. 2007, Herbert et al. 2009). During the migration of PLM cells, inductive cues from the 

somites are thought to instruct the fate of HE from shared vascular precursors (Burns et al. 2005, 

Wilkinson et al. 2009, Bertrand, Chi, et al. 2010, Clements et al. 2011b, Clements and Traver 2013, 

Leung et al. 2013, Zhen et al. 2013, Kobayashi et al. 2014, Butko et al. 2015). Hematopoietic stem 

and progenitor cells (HSPCs) emerge directly from the floor of the dorsal aorta (aorta hereafter) in a 

process termed the endothelial-to-hematopoietic transition (EHT) (Bertrand, Chi, et al. 2010, Kissa 

and Herbomel 2010). In zebrafish, EHT begins at 26 hours post fertilization (hpf), and the number of 

emerging HSPCs peaks around 36 hpf (Bertrand, Chi, et al. 2010, Kissa and Herbomel 2010). 

Following this transition, HSPCs enter circulation through the posterior cardinal vein and migrate to 

the caudal hematopoietic tissue in zebrafish (CHT; analogous to the placenta/fetal liver in mammals) 

for secondary amplification (Murayama et al. 2006, Tamplin et al. 2015) and finally to the kidney 

(akin to the mammalian bone marrow), where they reside for the remainder of adult life (Jagannathan-

Bogdan and Zon 2013). Although the anatomical location of these sites varies among organisms, HSC 
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fate is likely instructed by conserved developmental cues. Understanding the inductive signals that 

instruct HSC fate from mesoderm will be essential to the eventual derivation of HSCs from pluripotent 

precursors. 

Wnt signaling is vital for the maintenance and development of stem cell populations in many 

organ systems, including the intestine, skin and liver (Clevers and Nusse 2012). Wnt genes encode 

lipid-modified, secreted growth factors that initiate signaling cascades, including the Wnt/b-catenin 

pathway (commonly referred to as the “canonical” Wnt pathway). Upon Wnt binding its cognate 

receptor encoded by a Frizzled (Fzd) gene, the b-catenin protein becomes stabilized and enters the 

nucleus where it interacts with the Lymphoid enhancer binding factor/T-cell factor (LEF/TCF) 

transcription factors to drive expression of Wnt target genes to regulate a variety of developmental 

processes.  

The role of Wnt function in HSPC development and function remains poorly understood, in 

part due to conflicting reports. For example: loss of Wnt function depleted the HSPC pool (Zhao et al. 

2007, Fleming et al. 2008, Goessling et al. 2009, Luis et al. 2009a), and activation of Wnt signaling 

resulted in increased HSPC number (Reya et al. 2003, Willert et al. 2003, Baba et al. 2005, Malhotra 

et al. 2008, Goessling et al. 2009). In contrast, others have observed a depletion of the progenitor pool 

upon b-catenin overexpression (Kirstetter et al. 2006, Scheller et al. 2006), which may relate to 

dosage-dependent effects of Wnt signaling on different populations of blood cells (Luis et al. 2011). 

While these studies establish that Wnt is essential for the function of adult HSPCs, what is lacking is a 

clear understanding of Wnt function during the embryonic development of HSPCs. In particular, it is 

unclear at what stage(s) of HSPC development Wnt is critical. Furthermore, the identification of a 

specific Wnt ligand regulating HSPC development remains elusive. Here, we demonstrate that Wnt 

signaling is required prior to formation of the aorta. We further show that the Wnt gene wnt9a is 

expressed in relevant spatio-temporal domains and that HSPCs are depleted following loss-of-function 

of wnt9a; this loss of function cannot be rescued with ectopic expression of other Wnt genes. This 
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Wnt9a cue drives an early aortic amplification of HSPCs, which occurs after HSPC emergence begins. 

This proliferative event is mediated, at least in part, through regulation of myc-a (also known as c-

myc). 
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3.2: Results 

Hematopoietic stem cell numbers are affected by Wnt signaling  

Using zebrafish, in which complex developmental processes can be readily observed and 

dissected, we examined the requirement for Wnt signaling during HSPC development. We observed 

robust Wnt reporter activity in the floor of the dorsal aorta at 26 hpf (during HSPC emergence) using 

double transgenic 7X TCF:eGFP (Moro et al. 2012); kdrl:mCherry (Bertrand, Chi, et al. 2010) 

embryos, which express eGFP from a Wnt responsive sequence and membrane-bound mCherry in the 

vasculature (Figure 3.1), indicating that endothelial cells have received a Wnt cue.  

To monitor the effect of Wnt/b-catenin modulation on HSPCs, we used LiCl, which activates 

Wnt/b-catenin signaling through inhibition of GSK3b, and IWP-L6, which inhibits Porcn, an essential 

regulator of Wnt ligand maturation and secretion (Kadowaki et al. 1996, Komekado et al. 2007). As 

previously established, dosages of 0.15M LiCl or 1.5mM IWP-L6 did not alter overall embryonic 

morphogenesis or vasculature, as visualized by kdrl:mCherry expression (Figure 3.2a), but were able 

to activate or inhibit Wnt signaling, respectively (van de Water et al. 2001, Wang, Moon, et al. 2013), 

as measured by expression of the Wnt target gene axin2 (Jho et al. 2002)  (Figure 3.2b).  

HSPCs can be identified as kdrl:mCherry; cmyb:eGFP double positive cells in the floor of the 

aorta (Bertrand, Chi, et al. 2010). To determine if there was an overall function for Wnt leading to 

HSPC emergence, we treated larvae from 10 hpf to 36 hpf to activate [LiCl] or inhibit [IWP] Wnt and 

observed emerging HSPCs at 36 hpf, when their numbers peak (Bertrand, Chi, et al. 2010, Kissa and 

Herbomel 2010). By doing so, we observed a 2-fold decrease and a 1.5-fold increase in HSPC number 

after Wnt inhibition [IWP] or activation [LiCl], respectively (Figure 3.3a-c). These effects were 

confirmed with reverse transcription quantitative PCR (qPCR) for the hematopoietic marker cmyb 

(Figure 3.3d), indicating that Wnt signaling regulates HSPC number. 
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Figure 3.1. Endothelial cells receive a Wnt cue. Confocal imaging of the region of zebrafish 
vasculature shown in the green box in (A). kdrl:mCherry; 7XTCF:eGFP reporter transgenic embryos 
at 26 hpf. Endothelial cells that have received a Wnt cue are double positive and indicated with a white 
arrowhead. A=aorta, V=vein. Scale bar = 30 um. 
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Figure 3.2. Small molecule modulators of the Wnt pathway do not impact endothelial cell 
development. (A) Confocal imaging of 34 hpf kdrl:mCherry transgenic fish treated with 1.5 µM IWP-
L6 or 0.15M LiCl. Images are representative of 10 individual animals. The dosages used did not alter 
overall morphology or vasculature as measured by expression of the vascular marker kdrl:mCherry. 
(B) Trunk and tail tissue from wildtype AB* fish under the same treatment regimen were examined; 
an effect on Wnt signaling was confirmed at 34 hpf by qPCR for expression of the Wnt target gene 
axin2 (n=15). HSPCs were examined by qPCR at 34 hpf for marker cmyb (C) (n=20) in dissected 
trunks and tails of larvae. ***=p<0.001. Scale bar = 30 um. 
 
Credit: Imaging and qPCR performed by Stephanie Grainger, PhD. 
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Figure 3.3. Wnt signaling regulates HSC numbers. The region of 36 hpf kdrl:mCherry; cmyb:eGFP 
embryos depicted in (A) was imaged on a confocal microscope following treatment with IWP or LiCl. 
Double-labeled HSCs (white arrowhead) are quantified in (C). A=aorta, V=vein. (D) The effect on the 
HSC population was confirmed by qPCR for HSC marker cmyb at 34 hpf. ***=p<0.001, **=p<0.01. 
 
Credit: HSC enumeration and qPCR were performed by Stephanie Grainger, PhD. 
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Wnt is required transiently prior to 20 hpf  

To identify the window in HSPC development when Wnt is required, we used hsp:dntcf 

transgenic animals, which carry a dominant negative version of tcf (dntcf), the expression of which 

leads to rapid inhibition of Wnt signaling (Figure 3.4a-b) (Lewis et al. 2004, Clevers and Nusse 2012). 

We performed heat shocks each hour spanning the window prior to HSPC emergence (13-26 hpf), 

followed by analysis of cmyb expression at 40 hpf by whole-mount in situ hybridization (WISH) 

(Kissa et al. 2008). Heat shock before 19 hpf resulted in a profound loss of cmyb expression in the 

aorta at 40 hpf, whereas heat shock at 20 hpf or later had no effect (Figure 3.5). Since the dntcf effect 

on axin2 expression occurs acutely and is long-lasting (Figure 3.4a-b), these results suggested that the 

role for Wnt in HSPC development occurs prior to 20 hpf.  

Specification, when HSCs acquire identity cues, occurs as mesodermal cells migrate to the 

midline underneath the somites to form the aorta and vein (Kobayashi et al. 2014)  (Fig. 1I), and can 

be monitored with early expression of HSPC markers such as runx1. The expression of runx1 at 26 hpf 

was unaffected following the drug treatment regime (Figure 3.6a) (Burns et al. 2005); dntcf expression 

at 13 hpf also did not affect runx1 or cmyb expression at 29 hpf (Figure 3.6b-c). These results indicate 

that Wnt signaling positively regulates the number of emerging HSPCs after specification. 
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Figure 3.4. The dntcf transgene rapidly downregulates Wnt signaling. (A) Schematic of the heat 
shock-inducible dntcf transgene. (B) hsp:dntcf fish were heat shocked and compared to AB* for axin2 
by qPCR to assess Wnt activity following dntcf induction (n=20 at each time point). ***=p<0.001 
 
Credit: qPCR was performed by Stephanie Grainger, PhD. 
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Figure 3.5. Wnt signaling is required for HSC development prior to 20 hpf. (A) Schematic of heat 
shock regimen. (B) hsp:dntcf fish were heat shocked at 16.5 hpf, pools were fixed every hour from 23 
to 36 hpf, and they were analyzed for cmyb expression by WISH. Cells that are positive for cmyb 
expression are quantified in (C). ***=p<0.001, n.s.=Not significant. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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Figure 3.6. Modulation of Wnt signaling does not affect HSC specification. (A) Treatment with 
small molecules to inhibit [IWP] or activate [LiCl] does not affect HSC specification, as measured by 
qPCR for expression of marker gene runx1. Inhibition of Wnt signaling via expression of the dntcf 
transgene also does not impact runx1 expression at 29 hpf by WISH (B) or qPCR (C). N.S.=Not 
significant. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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The Wnt cue is required in cells of the hemogenic endothelium 

 To test whether the Wnt signal is received by endothelial cells, we generated Upstream 

Activating Sequence (UAS):dntcf transgenic animals to drive the previously reported dntcf transgene 

expression with Gal4 in the vasculature (Figure 3.7a). Similar to the ubiquitous induction of the 

hsp:dntcf transgene, endothelial-specific (using fli1a:Gal4) Wnt inhibition resulted in a loss of HSPCs 

at 40 hpf (Figure 3.7b-c), indicating that the Wnt signal acts upon vascular cells to influence HSPC 

development.  

To determine if the Wnt cue is required broadly in endothelial cells, or more specifically in 

HE, we drove dntcf using a gata2b:Gal4 driver (Figure 3.7d), which is expressed in the earliest known 

population of HE (the transient population of endothelial precursors that can differentiate into HSCs) 

(Butko et al. 2015). Similar to ubiquitous hsp:dntcf and endothelial-specific transgenes, Wnt inhibition 

in gata2b+ cells resulted in a loss of HSPCs at 40 hpf (Figure 3.7e-f), indicating that the Wnt signal 

acts upon HE to influence HSPC development. 
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Figure 3.7. The Wnt signal is required in cells of the hemogenic endothelium. (A) Schematic of 
transgenic elements used for endothelial specific expression of dntcf in endothelial cells. (B) WISH for 
cmyb at 40hpf in control and in fli1a:Gal4; UAS:dntcf, fish. (C) Quantitation of cmyb+ cells from B. 
(D) Schematic of transgenic elements used for endothelial specific expression of dntcf in the HE. E. 
WISH for cmyb at 40hpf in control and in gata2b:Gal4; UAS:dntcf, fish. (F) Quantitation of cmyb+ 
cells from E. ***P<0.001. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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Wnt9a is required for HSPC development 

The data presented above establish an essential role for Wnt signaling in HSPC development; 

we next aimed to find the Wnt driving this process. We have previously demonstrated that the ventral 

somite signals to neighboring endothelial precursors during HSPC migration to the embryonic midline 

(Clements et al. 2011b, Kobayashi et al. 2014). The timing of the Wnt requirement in HSPC 

development suggested the somite as a possible source of Wnts. To identify candidate wnt gene(s), we 

surveyed expression of 21 wnt genes by qPCR in myf5-GFP positive (somitic) cells (Chen et al. 2007) 

prior to (16.5 hpf) and after (20 hpf). We identified wnt9a as our prime candidate because it is 

expressed at 16.5 hpf, and downregulated at 20 hpf (Figure 3.8a-c). By WISH, wnt9a transcript is 

detected in the posterior somites at 16.5 hpf; in regions consistent with vasculature at 19 hpf; and in 

the vasculature and the caudal hematopoietic tissue (CHT) by 28 hpf (Figure 3.9a-c).  

To determine the effect of loss of wnt9a on HSPC development, we used a splice-blocking 

morpholino (MO) to knock down wnt9a expression in embryos (Figure 3.10a-b). Upon injection into 

embryos, this MO decreased Wnt signaling, as demonstrated by reduction in axin2 expression and 

decrease in 7XTCF:eGFP reporter signal (Figure 3.10c-d). We observed a two-fold decrease in 

kdrl:mCherry; cmyb:eGFP HSPCs emerging from the floor of the dorsal aorta at 36 hpf using this MO 

and a second MO designed to block translation of wnt9a (ATG-MO) (Figure 3.11). This phenotype 

was specific to the hematopoietic system, as the vasculature, aorta and pronephros were properly 

specified in MO-injected embryos (Figure 3.12). MO knockdown of the closely related wnt9b gene did 

not affect HSPCs, suggesting that wnt9a is specifically required for HSPC development (Figure 3.11). 

To further determine whether or not Wnt9a specifically instructs HSPC development, we performed 

co-injections of cDNA (to circumvent early lethality) encoding either wnt9a, wnt9b, or wnt3a with the 

wnt9a splice-blocking MO. Ectopic expression of wnt9a rescued HSPC numbers in wnt9a morphants 

(Figure 3.11). In contrast, ectopic expression of wnt9b or wnt3a did not rescue the wnt9a MO effect on 
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HSPC numbers (Figure 3.11). These data suggest that Wnt9a specifically drives HSPC development, 

and that loss of wnt9a cannot be rescued by overexpression of other wnt genes. 
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Figure 3.8. Identification of wnt9a as the candidate Wnt. Somitic cells were sorted from myf5:GFP 
embryos at 16.5 (A) or 20 (B) hpf, and profiled for wnt gene expression by qPCR (C). wnt9a is highly 
expressed at 16.5 hpf and is downregulated by 20 hpf. *=p<0.05. 
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Figure 3.9. Expression domains of wnt9a. WISH for wnt9a at 16.5 (A), 19 (B),  and 28 (C) hpf. 
Wnt9a is expressed in the somites at 16.5 hpf, the vasculature at 16.5 hpf, and prominently in the head 
and CHT at 28 hpf. Scale bar = 0.2 mm. 
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Figure 3.10. The wnt9a MO knocks down wnt9a expression and decreases Wnt signaling. 
Knockdown of wnt9a was achieved with a MO (A). Intron retention was verified by PCR (n=10 at 
each dosage) (B). Loss of canonical Wnt activity was verified by qPCR for axin2 on whole embryos 
(n=30) at 30 hpf (C), and visualization of 7XTCF:eGFP reporter expression at 24 hpf. Scale bar=30 
um. 
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Figure 3.11. Loss of wnt9a results in loss of HSCs. The region of 36 hpf kdrl:mCherry;cmyb:eGFP 
zebrafish embryos shown in (A) was imaged on a confocal microscope after injection with the 
indicated MO and/or cDNA. Double-labeled HSC (white arrowheads) are quantified in (C). A=aorta, 
V=vein. Scale bar =30 um. *=p<0.05, ***=p<0.001, n.s.=Not significant. 
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Figure 3.12. Loss of wnt9a does not affect the aorta, vasculature, or pronephros. Uninjected 
control or wnt9a morphant embryos were analyzed by WISH for markers of the aorta (hey2, 30 hpf; 
dll4, 26 hpf); vein (msr, 26 hpf), vasculature (kdrl, 24 hpf), and pronephros (cdh17, 24 hpf). Scale bar 
= 30 um. 
 
Credit: Claire Pouget, PhD performed the hey2 WISH, and Stephanie Grainger, PhD performed the 
dll4 WISH. 
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The loss of HSPCs in wnt9a morphants persisted to later stages of embryonic hematopoiesis: 

at 4 days post-fertilization, we observed a dose-dependent loss of cmyb+ cells in the CHT, indicating a 

substantial decline in the total number of HSPCs (Figure 3.13). Similar to enforced expression of 

dntcf, wnt9a knockdown had no effect on runx1 expression at 26 hpf, indicating that loss of wnt9a 

does not impact HSC specification (Figure 3.14). Finally, since recent reports have indicated that MOs 

may have non-specific effects (van Impel et al. 2014, Schulte-Merker and Stainier 2014, Kok et al. 

2015), we generated a wnt9a knockout allele via CRISPR/Cas9 technology. The location of the 

mutation is targeted to a similar region as the splice-blocking MO, at the 3’ end of the first exon. We 

confirmed that genetic mutation of wnt9a also results in loss of cmyb+ cells at 36 hpf (Figure 3.15). 

We confirmed that somitic wnt9a is required for HSPC emergence by injecting a UAS:wnt9a cDNA 

construct into fish with a somitic gal4 driver (phldb1:gal4), in the context of the wnt9a MO, and found 

that somitic overexpression of wnt9a was sufficient to partially rescue the loss of HSPCs (Figure 

3.16). Taken together, these results indicate a defect in the emergence of HSPCs following loss of 

wnt9a. 
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Figure 3.13. Loss of wnt9a reduces HSC numbers during later stages of HSC development. 
Uninjected or wnt9a MO injected embryos were analyzed for cmyb expression by WISH at 4 dpf. 
Scale bar = 30 um. 
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Figure 3.14. HSC specification is unaffected in wnt9a morphants. HSC specification was measured 
in uninjected control and wnt9a morphant embryos at 26 hpf by WISH (A) or qPCR (B) for early HSC 
marker runx1. Scale bar = 30 um, n.s.=Not significant. 
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Figure 3.15. Genetic mutation of wnt9a results in loss of HSCs. A 28 base-pair deletion of the first 
exon of wnt9a was generated using CRISPR/Cas9 (A). Analysis of cmyb expression by WISH at 36 
hpf in WT, wnt9a heterozygotes, and wnt9a homozygous mutants (B, cmyb+ cells quantified in C). 
Scale bar = 30 um. ***=p<0.001, n.s.=Not significant. 
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Figure 3.16. Somitic wnt9a is required for HSC emergence.  (A) Examination of HSPC marker 
cmyb at 42 hpf by WISH in wnt9a morphants in the presence or absence of somitic wnt9a, compared 
to uninjected controls. (B) Quantification of cmyb+ cells from (A). *P<0.05, ****P<0.0001, n.s.=not 
significant. 
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Hematopoietic precursors expand in the aorta  

 Next, we aimed to determine the mechanism underlying HSPC reduction upon loss of Wnt 

function. HSCs arise from hemogenic cells in the aorta, enter circulation and seed the CHT, where 

they are proliferate and differentiate before migrating to the adult hematopoietic tissues (Murayama et 

al. 2006). The observation that diminished Wnt signaling led to a decrease in aortic HSPCs could 

suggest that HSPCs also undergo an expansion in the aorta. HSPCs can also be detected using 

kdrl:mCherry; gata2b:GFP double transgenic animals (Butko et al. 2015). To determine the extent to 

which HSPCs proliferate in the aorta, we treated kdrl:mCherry; gata2b:GFP animals from 26–35 hpf 

with 5-Fluorouracil, which selectively kills cells that have undergone DNA synthesis (Heidelberger et 

al. 1957). This resulted in a 2.5-fold reduction in the average number of HSPCs at 36 hpf (Figure 

3.17), confirming a requirement for amplification of nascent HSPCs in the aorta. 

 

Wnt9a drives HSPC proliferation in the aorta through myca 

The loss of HSPCs independent of apoptosis and the concomitant requirement for proliferation 

in the aorta suggested that in the absence of a Wnt cue, HSPCs may be G1 arrested; the FUCCI fish 

identifies G1 phase cells with the red fluorescent protein mCherry (Sugiyama et al. 2009, Bouldin and 

Kimelman 2014). Endothelial cells in the G1 phase can therefore be sorted from kdrl:GFP; FUCCI 

morphant fish and compared to the same population from uninjected controls. We sorted G1-phase 

endothelial cells (kdrl:GFP; FUCCI) from morphant and uninjected fish. At 28 hpf, G1 cells from 

wnt9a MO injected fish had robust expression of gata2b, while we were unable to detect gata2b 

transcripts in the uninjected sample; gata2b expression in unsorted fish was similar in morphant and 

control fish, suggesting that HSPCs are G1 arrested in the absence of wnt9a (Figure 3.18).  

Entrance to the replicative S phase of the cell cycle is governed by a series of cellular events 

requiring D-class cyclins and their cofactors, cdk2 and cdk4 (Bertoli et al. 2013), which we predicted 

to be decreased in Wnt reduced animals. Consistent with this model, we observed a profound loss of 
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cyclinD2b and cdk4, and a small, but significant, decrease in cyclinD1 and cdk2 in Wnt suppressed 

(dntcf+) endothelial cells at 30 hpf (Figure 3.19). The transcriptional regulator and context-specific 

Wnt target gene myca, which acts upstream of these cell cycle regulators (Mateyak et al. 1999), was 

also down regulated in dntcf+ endothelial cells (Figure 3.19). Introducing myca mRNA in wnt9a 

morphants was sufficient to rescue the loss of cmyb+ cells at 40 hpf (Figure 3.20), indicating that at 

least a portion of Wnt9a function in HSPCs proceeds through myca. Finally, expressing myca 

expression under control of the gata2b promoter (in gata2b:KalTA4; UAS:myca) was sufficient to 

rescue the loss of wnt9a in morphants (Figure 3.20), further supporting this requirement in the HE. 

Notch has also been previously shown to interact with myca (Kumano et al. 2003, Burns et al. 2005, 

Palomero et al. 2006, Bertrand, Cisson, et al. 2010, Kim et al. 2014, Bigas et al. n.d.). To investigate 

possible co-regulation of myca by Notch and Wnt9a we imaged TP1:mCherry (Notch 

reporter);kdrl:eGFP embryos injected with wnt9a MO, and found no change in Notch activation in 

response to loss of wnt9a (Figure 3.21). This suggests that this requirement for myca in the aortic 

proliferation of HSPCs is independent of Notch. Taken altogether, our results indicate that Wnt9a 

drives an early amplification of HSPCs upstream of the cell cycle regulator myca in the HE (Figure 

3.22).  
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Figure 3.17. HSPCs proliferate in the aorta. Transgenic gata2b:GFP;kdrl:mCherry fish were 
treated with 10 µM 5′ fluorouracil (5FU) from 24 to 35 hpf (A), confocal imaged at 36 hpf (B), 
and gata2b+ cells quantified (C). **=p<0.01. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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Figure 3.18. Loss of wnt9a results in G1 arrest in HSPCs. G1 arrested (mCherry+) endothelial cells 
(GFP+) from wnt9a morphant and control fish (n = 100 embryos per condition) were collected by 
FACS at 28 hpf (A) and compared by qPCR for gata2b (B). *=p<0.05, ***=p<0.001, nd=Not 
detected. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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Figure 3.19. Wnt9a affects endothelial gata2b+ G1-S cell cycle progression. (A) Endothelial cells 
(mCherry+) were collected by FACS from hs:dntcf:IRES-GFP; kdrl:mCherry fish at 30 hpf after heat 
shock at 16 hpf (n = 100 embryos per condition). (B) Wnt inhibited (dntcf;GFP+) cells were compared 
to control (GFP−) cells by qPCR after being sorted by FACS. *=p< 0.05; ***=p < 0.001; 
n.s.=Not significant. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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Figure 3.20. Wnt9a signals through myca to affect HSPC proliferation. AB∗ fish were injected 
with wnt9a MO, myca mRNA, or both; phldb4:Gal4 fish were injected with  wnt9a MO, UAS;myca 
plasmid, and transposase mRNA, fixed at 40 hpf, analyzed by WISH for cmyb (C), and quantified in 
(D). *=p<0.05, ***=p<0.001, n.s.=Not significant. Scale bar = 100 um. 
 
Credit: Experiment performed by Stephanie Grainger, PhD. 
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Figure 3.21. Notch activation is unaffected in wnt9a morphants. (A) Confocal imaging of control 
or wnt9a MO injected TP1:mCherry (Notch reporter);kdrl:eGFP embryos at 28 hpf. The number of 
TP1:mCherry+ endothelial cells in the floor of the aorta are quantified in (B). A=aorta, V=vein. Scale 
bar = 50 um. n.s.=Not significant. 
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Figure 3.22. An early Wnt9a cue is required for later hematopoietic stem cell amplification. Prior 
to 20 hpf, ingressing cells of the posterior lateral mesoderm travel beneath the somites. Inductive cues 
direct from the somite instruct the fate of these cells, some of which are destined to become HE, and 
later, HSPCs. Wnt9a is expressed in the somite at this stage. By 26 hpf, the aorta has formed and 
HSPCs have begun to emerge. In the absence of Wnt9a, this early emergence is unaffected, indicating 
the HSPC fate specification has occurred properly. By 31 hpf, normal HSPCs undergo an expansion 
event, whereas those in Wnt9a-deficient animals do not. 
 
 
Credit: Image generated by Stephanie Grainger, PhD. 
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3.1: Discussion 

Wnt signaling regulates multiple stages of hematopoiesis, but requirements for the specific 

molecules that mediate these signals are not well understood. This study sought to understand the 

regulation of specific Wnt genes that instruct early hematopoietic development. We found that a single 

Wnt gene, wnt9a, mediates a critical Wnt signal that is received by the endothelium prior to 20 hpf for 

HSPC emergence in the zebrafish. The Wnt9a signal stimulates a previously unrecognized HSPC 

amplification event in the aorta that is mediated through activation of myca, a Wnt regulated gene, and 

important regulator of cell proliferation. 

Previous work has demonstrated an early Wnt signaling requirement for the production of 

long-term HSCs in mouse and zebrafish (Goessling et al. 2009, Ruiz-Herguido et al. 2012a), however, 

the identity of Wnt signaling components, particularly the Wnts has remained unclear. We 

demonstrate here a unique requirement for the somitically expressed wnt9a in HSPC development. 

Knockdown of wnt9a causes a decrease in cmyb+ hematopoietic precursors at 36 hpf, consistent with 

previous global knockdown of Wnt function in mouse and zebrafish (Goessling et al. 2009, Luis et al. 

2009a, 2011, Ruiz-Herguido et al. 2012a). Extending these studies, we have found that loss of wnt9a 

expression does not cause a defect in HSPC specification, as evidenced by normal runx1 expression in 

the aorta at 26 hpf. This is also in contrast to other factors known to affect HSPC development at the 

level of specification (Clements et al. 2011a, Espín-Palazón et al. 2014, Kim et al. 2014, Kobayashi et 

al. 2014, Lee et al. 2014, Pouget et al. 2014, Butko et al. 2015). For example, Wnt16 acts through a 

non-canonical Wnt pathway upstream of Notch signaling to specify HSPC identity (Clements et al. 

2011a), a process that is mediated by an interaction between the ventral somite and migrating vascular 

precursors (Kobayashi et al. 2014). 

Loss of wnt9a cannot be compensated for by overexpression of other Wnt genes, suggesting 

that the requirement for Wnt9a in HSPC development is specific. This specificity is surprising since in 

many experimental settings individual Wnt proteins produce similar effects and are often 
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interchangeable. Our current understanding of specific Wnt interactions with their cognate receptors is 

quite limited and largely restricted to in vitro studies. For example, Wingless (the Drosophila Wnt1 

ortholog) interacts with the cysteine rich domains (CRD) of both Fz and Dfz2 (two Drosophila Fzd 

proteins that act redundantly in establishing segment polarity in the embryo), but with ten-fold lower 

affinity for Fz than for Dfz2 (Rulifson et al. 2000). Determining specificities of Wnts for their 

receptors is confounded by the large number of Wnts and Wnt receptors involved: the mammalian 

genome contains 19 Wnt and 10 Fzd genes and the zebrafish genome contains 20+ wnt and 14 fzd 

genes. A recent study analyzed the interactions of four Wnt proteins with six Fzd CRDs and found a 

significant range in binding affinities amongst individual pairs (Dijksterhuis et al. 2015). Identifying 

the Fzd(s) and co-receptors expressed in the pre-HE during HSPC development will be informative in 

studying the interaction of Wnt9a with these potential receptors.  

Furthermore, Wnt9a is well conserved amongst vertebrates (Curtin et al. 2011, Kamel et al. 2013) and 

is expressed in mouse HSPCs (Wu et al. 2012), indicating possible conservation of function during 

hematopoietic development. In this context it is worth noting that in both zebrafish and mammals the 

wnt9a gene is syntenic to wnt3a (Nusse 2001), suggesting coordinate regulation of these two wnt 

genes. Importantly, Wnt3a has been implicated in HSC self-renewal in the mouse (Willert et al. 2003, 

Luis et al. 2009a), but does not appear to have a role in zebrafish hematopoiesis (Buckles et al. 2004, 

Thorpe et al. 2005, Clements et al. 2009). A role for Wnt9a in mammalian hematopoietic development 

has not yet been addressed.  

 Interestingly, zebrafish embryos that are deficient for Wnt signaling do not show a 

hematopoietic phenotype until 30 hpf, which is 10 hours removed from the time that the signal is 

required. This delayed effect of a Wnt signal may be related to the concept of cellular memory put 

forth by Vincent and colleagues, who proposed that earlier signaling events allow persistent 

expression of relevant target genes (Alexandre et al. 2014). Our data indicate that during this time, 

cells of the HE are primed for amplification in the dorsal aorta. Upon loss of Wnt signaling via global 
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pathway inhibition or wnt9a knockdown these emerging HSPCs are arrested in the G1 phase of the 

cell cycle, causing a decrease in proliferating HSPCs and overall HSPC numbers. This regulation of 

the cell cycle is mediated, at least in part, by myca (the zebrafish homolog of mammalian C-MYC), 

which among other targets, controls transcription of D-class cyclin genes and their associated cyclin-

dependent kinases (Hanson et al. 1994, Amati et al. 1998, Mateyak et al. 1999). These genes are 

downregulated when Wnt is inhibited, and loss of HSPCs in this context can be rescued with myca. 

Our findings are consistent with reports showing that MYC expression is vital to maintaining HSPC 

numbers and function (Laurenti et al. 2008, Delgado and León 2010), and studies using MYC as a 

factor to facilitate reprogramming to HSPC fate (Riddell et al. 2014), and also that MYC is a context-

dependent Wnt target (Kolligs et al. 1999, Muncan et al. 2006, Sansom et al. 2007, Cole et al. 2010). 

Although it appears that Myca operates downstream of the Wnt9a cue, further investigation will be 

required to determine the nature of the timing delay between 20 and 31 hpf, since both myca transcript 

and protein are known to be tightly controlled, with estimated half-lives of 20-30 minutes or less 

(McCormack et al. 1984, Rabbitts et al. 1985). Interestingly, Myca and Notch1 (which is critical to 

HSC fate specification) have been previously shown to interact (Kumano et al. 2003, Burns et al. 

2005, Palomero et al. 2006, Bertrand, Chi, et al. 2010, Kim et al. 2014, Bigas et al. n.d.). However, 

we could not detect any differences in Notch reporter expression in wnt9a morphants (Figure 3.21), 

suggesting that this process occurs independently of Notch signaling. This suggests that tight 

regulation of cell proliferation by the Wnt signaling pathway through myca is critical for proper 

hematopoietic development. 

Our findings show a unique role for Wnt9a in zebrafish HSPC development. This signal is 

received by cells of the HE as they ingress to the midline to form the vascular cord prior to 20 hpf. The 

Wnt9a signal instructs HSPC emergence, but not HSPC specification via priming HSPCs for later 

aortic amplification. The specific Wnts necessary to differentiate human pluripotent stem cells to 

hematopoietic or other lineages are often unknown or unused in protocols. Instead, global small 
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molecule pathway activators or inhibitors are often favored due to their widespread availability and 

inexpensive nature. Our data indicate that the specific molecules that mediate a specific signal during 

in vivo development may provide more precise developmental instruction than small molecules with 

non-specific effects on signaling pathways, especially since differences in Wnt requirements could 

also be reflective of precise timing and ligand requirements. Understanding the precise identity of 

these instructive signals and their temporal regulation is critical in improving differentiation protocols 

to develop HSCs in vitro, which one day could be used as a therapeutic alternative to bone-marrow 

transplants. 

 

Chapter 3, in part, was originally published in Cell Reports. Grainger, S.*, Richter, J.*, 

Palazón, R. E., Pouget, C., Lonquich, B., Wirth, S., Grassme, K. S., Herzog, W., Swift, M. R., 

Weinstein, B. M., Traver, D., Willert, K. “Wnt9a is required for the aortic amplification of nascent 

hematopoietic stem cells.” Cell Reports, vol. 17(6): 1595-1606 (2016). Copyright © The Authors. The 

dissertation author was one of two primary investigators and authors of this paper (asterisks after 

author names denote equal contribution). 
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CHAPTER 4: WNT9A IS A CONSERVED REGULATOR OF HEMATOPOIETIC STEM 

AND PROGENITOR CELL DEVELOPMENT 

 

4.1: Introduction 

Hematopoietic stem cells (HSCs) are the multipotent stem cell population that gives rise to all 

cells of the blood. This property is exploited for therapeutic use; HSC transplants from bone marrow 

or peripheral blood are commonly used to treat hematopoietic cancers and disorders (Hatzimichael and 

Tuthill 2010, Peters et al. 2010). Induced pluripotent stem cell technology has made possible the 

derivation of patient-matched pluripotent cells that theoretically are capable of differentiating into 

HSCs (Takahashi et al. 2007, Slukvin 2013, Vo and Daley 2015). These cells represent a potential 

source of HSCs for each patient in need of a transplant, which would be a significant advance in the 

field of regenerative medicine. However, it is not yet possible to derive therapy-grade HSCs in vitro 

from pluripotent precursors (Slukvin 2013, Vo and Daley 2015, Ditadi et al. 2017). Current protocols 

yield hematopoietic cells with limited repopulation capacity, subpar ability to differentiate to all blood 

lineages, or utilize enforced expression of hematopoietic transcription factors to induce hematopoietic 

fate (Kyba et al. 2002, Wang et al. 2005, p. 4, Ledran et al. 2008, Lu et al. 2009, Doulatov et al. 2013, 

Riddell et al. 2014, Sandler et al. 2014, Ditadi et al. 2017, Sugimura et al. 2017). Thus, many 

researchers are turning to vertebrate model organisms such as the mouse and the zebrafish to identify 

critical cues that instruct HSC identity in vivo, with hopes that these signals can be leveraged to 

generate hematopoietic stem and progenitor cells from pluripotent precursors in vitro. 

Multiple studies have identified specific molecules required for HSC development in the 

zebrafish; these have shown great translational potential for increasing the functionality and viability 

of human HSCs derived from umbilical cord blood (Goessling et al. 2009, 2011, Cortes et al. 2016). 

Therefore, many of the signals that govern HSC development are highly conserved across vertebrate 
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species. However, it remains to be seen if this is true of many other signaling cues that have been 

identified as critical regulators of hematopoietic development in model organisms. Furthermore, how 

these regulators impact on human hematopoietic development during in vitro differentiation from 

pluripotent precursors remains unknown.  

The molecular cues governing embryonic HSC development are highly conserved amongst 

vertebrates, though the anatomical sites of hematopoiesis can vary between organisms (Clements and 

Traver 2013). In all vertebrate organisms, HSCs develop from a specialized population of hemogenic 

endothelium derived from the mesodermal lineage in vivo and this is recapitulated in vitro in human 

cells (Turpen et al. 1981, Kissa et al. 2008, Eilken et al. 2009, Bertrand, Chi, et al. 2010, Boisset et al. 

2010, Kissa and Herbomel 2010, Mizuochi et al. 2012b, Boisset et al. 2015, Ditadi et al. 2015). In 

vivo, these cells originate as lateral populations of mesoderm that migrate to the midline underneath 

the somites to eventually form the vasculature, which contains the hemogenic endothelium (Fouquet et 

al. 1997, Jin et al. 2005, Herbert et al. 2009, Medvinsky et al. 2011). The somites provide many 

inductive cues to migrating endothelial cells to instruct the specification of hematopoietic endothelium 

(Burns et al. 2005, Bertrand, Chi, et al. 2010, Clements et al. 2011b, Kobayashi et al. 2014, Butko et 

al. 2015). We and others have recently identified Wnt/β-catenin signaling to be one such molecular 

cue that is required for the development of HSCs in the zebrafish (Goessling et al. 2009, Grainger et 

al. 2016).  

Wnt/β-catenin signaling has been implicated in directing hematopoietic stem and progenitor 

cell development both in vivo and in vitro (Luis et al. 2010, 2011, Ruiz-Herguido et al. 2012b, 

Sturgeon et al. 2014, Richter et al. 2017). Wnt ligands are lipid-modified, secreted growth factors that 

bind to Frizzled (Fzd) receptors to activate intracellular signaling cascades (Clevers and Nusse 2012). 

Upon Wnt-Fzd binding, a protein complex that targets β-catenin for proteasomal degradation is 

dissociated, stabilizing β-catenin, and allowing its translocation to the nucleus, where it interacts with 

co-activators to initiate expression of target genes. In zebrafish HSC development, Wnt/β-catenin 
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signaling is required in a temporally restricted manner during early endothelial cell migration, after 

which it is dispensable (Grainger et al. 2016). We have shown that Wnt9a is the key mediator of this 

critical Wnt signal. Wnt9a is secreted by the somites and received by adjacent hemogenic endothelial 

cells, which later proliferate in response to the activation of the Wnt target gene myca (Grainger et al. 

2016). 

Utilizing the in vitro hematopoietic differentiation system as a model for human hematopoietic 

development, we show that (1) Wnt positively regulates differentiation of human progenitors; (2) 

WNT9A impacts in vitro human hematopoiesis in a time-dependent manner; (3) WNT9A has a dose-

dependent effect on hematopoietic differentiation; and (4) in vitro differentiation dynamics in response 

to WNT9A mimic the paracrine nature of the Wnt9a signal observed in the zebrafish. 
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4.2: Results 

Wnt/β-catenin signaling regulates in vitro development of human hematopoietic progenitor cells 

We have previously identified that a β-catenin mediated Wnt signal is required in the 

zebrafish during a tightly regulated time window as endothelial cells derived from the posterior lateral 

mesoderm migrate underneath the somites (Grainger et al. 2016). After this time window, Wnt 

signaling is dispensable for HSC development. Hematopoietic progenitor cells can be derived from 

human embryonic stem cells, which can be used as an in vitro model of human hematopoietic 

development (Ng et al. 2005, 2008). This process closely mimics how hematopoietic cells develop in 

an organism as pluripotent cells progress through mesodermal and endothelial cell fates before a 

subset are further specified towards hematopoietic progenitor cells (Figure 4.1); the corresponding 

time window for the Wnt requirement in vitro is approximately between day 2 and day 4 of 

differentiation, according to expression of marker genes for mesoderm (BRY, WNT3) and endothelium 

(CD31/PECAM) (Figure 4.1). We inhibited Wnt signaling using a small molecule inhibitor of Wnt 

secretion (C59, (Proffitt et al. 2013)) during multiple stages of differentiation (Figure 4.2), and 

analyzed hematopoietic differentiation by flow cytometry for a RUNX1c:GFP transgenic reporter, 

which marks hematopoietic stem and progenitor cells (Ng et al. 2016). Only Wnt inhibition from days 

2-4 significantly decreased differentiation efficiency (Figure 4.2), suggesting that as in the zebrafish, 

Wnt signaling is required during a narrow time window during human in vitro hematopoietic 

development. 

We next sought to determine if ectopic activation of Wnt signaling during this time window 

could boost hematopoietic differentiation efficiency by treating cells with the Wnt activator 

CHIR98014 (CHIR) (Chen et al. 2014, Naujok et al. 2014), during days 2-4 of differentiation (Figure 

4.3). Consistent with Wnt inhibition and previous reports (Sturgeon et al. 2014, Ng et al. 2016), we 

found that activating Wnt during days 2-4 increased the efficiency of differentiation to RUNX1c:GFP+ 

cells. Consistent with the role of Wnt in stem cell maintenance and differentiation, we also observed a 
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dose-specific effect, where both low and high doses of CHIR were suboptimal to deriving 

hematopoietic progenitors (Figure 4.3) (Luis et al. 2011). Taken together, these data indicated that 

Wnt signaling is required in a time- and dose- dependent manner during in vitro development of 

human pluripotent stem cells to hematopoietic progenitors. 
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Figure 4.1. In vitro differentiation of hematopoietic progenitor cells models in vivo HSC 
development. (A) Schematic of differentiation protocol. (B) Reverse transcription quantitative PCR 
(RT-qPCR) analysis of mesoderm, endothelial, and hematopoietic marker gene expression throughout 
the differentiation protocol. Error bars represent standard deviation. 

 

  



	
  

	
   74 

 
 
 
Figure 4.2. Wnt inhibition decreases hematopoietic progenitor differentiation efficiency in a 
time-dependent manner. (A) Schematic of C59 treatment windows and RUNX1c:GFP reporter 
analysis by flow cytometry at day 14. (B) RUNX1c:GFP+ cells normalized to control (0 nM C59, 
0.1% DMSO treated) cells. Tx = treatment. Data shown are representative of three biological 
replicates. Error bars represent standard deviation; *=p<0.05, **=p<0.01, ***=p<0.001, n.s.=Not 
significant. 
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Figure 4.3. Wnt activation increases hematopoietic progenitor differentiation efficiency in a 
dose-dependent manner. (A) Schematic of CHIR98014 (CHIR) treatment window and 
RUNX1c:GFP reporter analysis at day 14. (B) RUNX1c:GFP+ cells normalized to control (0 nM 
CHIR, 0.1% DMSO treated) cells.  Data shown are representative of three biological replicates. Error 
bars represent standard deviation; *=p<0.05, **=p<0.01, ***=p<0.001, n.s.=Not significant. 
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WNT9A increases the efficiency of hematopoietic progenitor differentiation in a time-dependent 

manner 

  
   We previously identified Wnt9a to be specifically required during zebrafish HSC development 

(Grainger et al. 2016). To determine to what extent the requirement for this Wnt protein is conserved 

during human hematopoietic development, we generated an hESC cell line (H9) carrying a WNT9A 

transgene under the control of a doxycycline-inducible promoter, and a constitutive promoter driving 

Citrine expression to monitor silencing of the transgene (Figure 2a-b). Upon expression of WNT9A 

during various time windows of differentiation, we determined that induction of WNT9A from day 0-

2 resulted in an increase in CD34+/CD45+ hematopoietic progenitors, while other timepoints did not 

(Figure 2c-e). These data show that WNT9A impacts human hematopoietic progenitor development in 

a temporally regulated way. 
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Figure 4.4 WNT9A increases the efficiency of hematopoietic progenitor differentiation in a time-
dependent manner. (A) Schematic of inducible WNT9A transgene; (B) Immunoblot depicting 
WNT9A protein expression in response to doxycycline treatment; (C) Schematic of doxycycline 
treatment (Tx) to induce WNT9A expression, and readout of hematopoietic progenitor differentiation 
by flow cytometry for CD34 and CD45 for the data shown in (D and E); (D) Representative flow 
cytometry plots for data graphed in (E). (E) Percentage of CD34+/CD45+ cells normalized to untreated 
control. Data represent average of 3 independent biological replicates; **=p<0.01, n.s.=Not 
significant. Error bars represent standard deviation. 
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WNT9A stimulates hematopoietic differentiation in a dose-dependent fashion 

The above data indicate that there is an optimal level of Wnt activation that results in maximal 

increases in differentiation efficiency (Figure 4.3). We assessed the dose-dependent effect of WNT9A 

during days 0-2 of differentiation (Figure 4.5) and found that while all doses tested resulted in an 

increase in hematopoietic differentiation efficiency, a maximal effect was reached with a moderate 

dosage of doxycycline (50 ng/mL), which leads to sub-maximal levels of WNT9A protein (Figure 3c-

e), consistent with the previously observed ideal level of Wnt signaling (Figure 4.3) (Luis et al. 2011).  

This may be, in part, due to a secretion blockade that occurs at high doses of doxycycline. Maximal 

secretion and downstream activation of the Wnt pathway, as measured by expression of the context-

specific Wnt target gene SP5, is reached at 250 ng/mL doxycycline treatment (Figure 4.6). However, 

the maximal effect on differentiation efficiency still does not occur at the WNT9A dosage that induces 

maximal Wnt pathway activation. Taken together, our data suggest that WNT9A can modulate in vitro 

human hematopoietic development in a time- and dose- dependent manner. 

  



	
  

	
   79 

 
Figure 4.5. WNT9A has a dose-dependent effect on hematopoietic differentiation efficiency. (A) 
Schematic of doxycycline-inducible WNT9A transgene. (B) Schematic of doxycycline induction of 
WNT9A expression and flow cytometry readout for the data shown in (D and E); (C) Immunoblot (IB) 
showing increasing WNT9A protein expression in response to the dosages of doxycycline shown in 
(C). Top: WNT9A, Bottom: β-Actin loading control. (D) Representative flow cytometry plots for data 
graphed in (E). (E) Percentage of CD34+/CD45+ cells normalized to untreated control. Data represent 
average of 3 biological replicates. **=p<0.01, ***=p<0.001, n.s.=Not significant. Error bars represent 
standard deviation. 
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Figure 4.6. Inducible-WNT9A hESCs do not secrete WNT9A efficiently at high doses of 
doxycycline. (A) Schematic of inducible WNT9A (iWNT9A) transgene. (B) Immunoblot (IB) for 
WNT9A in Blue Sepharsose-pulled down conditioned media from hESCs treated with the indicated 
doses of doxycycline. (C) RT-qPCR for Wnt target gene SP5 in cells treated with the indicated dose of 
doxycycline for 24 hours. Expression values are shown as fold change, normalized to untreated (0 
ng/mL doxycycline) cells. Error bars represent standard deviation. 
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Wnt ligands exhibit varied effects on hematopoietic progenitor differentiation 

 Loss of Wnt9a results in decreased numbers of HSCs in vivo, and this loss cannot be 

compensated for by exogenous expression of Wnt9b or Wnt3a (Grainger et al. 2016). This suggests 

that the requirement for Wnt9a in hematopoietic development is specific. We sought to model this in 

vitro by overexpressing human WNT9B and mouse Wnt3a, which is more active than human 

WNT3A, during days 0-2 of differentiation (Figure 4.7, Figure 4.8). Surprisingly, we observed a 17-

fold increase in hematopoietic progenitor differentiation when a low dose (12.5 ng/mL doxycycline) of 

WNT9B was added, and increasing doses of WNT9B decreased this effect (Figure 4.7). Wnt3a 

addition had a more modest impact on differentiation outcome; a moderate dose of doxycycline (25 

ng/mL) resulted in a 3-fold increase in hematopoietic progenitor differentiation efficiency, and high 

doses of Wnt3a had an inhibitory effect on differentiation (Figure 4.8). This is in line with previous 

reports showing that Wnt3a can improve in vitro derivation of hematopoietic progenitor cells 

(Goessling et al. 2009, Wang and Nakayama 2009, Gertow et al. 2013), and that high levels of Wnt 

activation can negatively impact hematopoietic progenitor numbers (Luis et al. 2011). However, these 

findings are divergent from our previous studies in the zebrafish, which indicated that Wnt9b and 

Wnt3a had no role in zebrafish hematopoietic development (Grainger et al. 2016). These data may 

indicate that Wnt ligands act differently to instruct hematopoietic progenitor fate.   
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Figure 4.7. WNT9B has a dose-dependent effect on hematopoietic differentiation efficiency. (A) 
Schematic of doxycycline-inducible WNT9B transgene. (B) Immunoblot (IB) showing increasing 
WNT9B protein expression in response to the dosages of doxycycline shown in (D). Top: WNT9B, 
Bottom: β-Actin loading control. (C) Schematic of doxycycline induction of WNT9B expression and 
flow cytometry readout for the data shown in (D and E); (D) Representative flow cytometry plots for 
data graphed in (E). (E) Percentage of CD34+/CD45+ cells normalized to untreated control. Data are 
representative of 2 biological replicates. *=p<0.05, ***=p<0.001, n.s.=Not significant. Error bars 
represent standard deviation. 
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Figure 4.8. Wnt3a has a dose-dependent effect on hematopoietic differentiation efficiency. (A) 
Schematic of doxycycline-inducible Wnt3a transgene. (B) Immunoblot (IB) showing increasing 
Wnt3a protein expression in response to the dosages of doxycycline shown in (D) (C) Schematic of 
doxycycline induction of Wnt3a expression and flow cytometry readout for the data shown in (D and 
E); (D) Representative flow cytometry plots for data graphed in (E). (E) Percentage of CD34+/CD45+ 
cells normalized to untreated control. Data are representative of 2 biological replicates. **=p<0.01, 
n.s.=Not significant. Error bars represent standard deviation. 
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WNT9A stimulates hematopoietic differentiation in a paracrine manner 

   In the zebrafish embryo, WNT9A is secreted by the somites and received by the developing 

hemogenic endothelium in a paracrine manner (Grainger et al. 2016). To model this, we used the 

inducible WNT9A hESC line shown in Figures 2 and 3 (constitutively labeled with Citrine), and co-

cultured these cells with a hESC line harboring a TOP:GFP;SV40:mCherry transgene (constitutively 

labeled with mCherry) (Figure 4.9). This cell line will express GFP after receiving a β-catenin- 

mediated Wnt cue, and can be distinguished from the WNT9A producing cells by mCherry 

expression, allowing for analysis of (1) All cells [black bars], (2) WNT9A-secreting cells [Citrine+, 

green bars], (3) non-WNT9A-secreting, non-Wnt-receiving cells [mCherry+, red bars], and (4) Wnt-

receiving cells [GFP+/mCherry+, yellow bars] (Figure 4.9). When WNT9A is expressed, differentiation 

efficiency is increased in all cell populations (Figure 4.9). By analyzing hematopoietic markers in 

sorted CD34+ endothelial cells within each of the above populations, we found that the Wnt-receiving 

cells are biased to differentiate to hematopoietic cells as early as day 5 of the differentiation since 

Wnt-receiving endothelial cells are enriched for expression of the hematopoietic marker genes GATA2, 

CMYB, and CD45 (Figure 4.10). Taken together, these data indicate that during in vitro hematopoietic 

differentiation, cells must receive a Wnt signal to efficiently differentiate to hematopoietic progenitors. 

Receiving a WNT9A signal increases this differentiation efficiency. Interestingly, Wnt-receiving cells 

that receive a WNT9A signal differentiate more efficiently than cells that receive endogenous Wnt 

cues. Altogether, this suggests that, like in the zebrafish, there is a requirement for specific Wnt 

ligands during in vitro differentiation of hematopoietic progenitors. 
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Figure 4.9. WNT9A signals in a paracrine fashion to instruct differentiation to hematopoietic 
progenitor cells. (A) Schematic of inducible WNT9A and TOP (Tcf optimal 
promoter):GFP;SV40:mCherry transgenes and flow cytometry gating strategy; (B) Schematic of 
doxycycline induction of WNT9A expression, and readout of hematopoietic progenitor differentiation 
by flow cytometry for GFP/mCherry expression, then subsequent CD34 and CD45 expression for the 
data shown in (C); (C) Percentage of CD34+/CD45+cells in the indicated cell populations normalized 
to all cells in the untreated control. Data are representative of 3 biological replicates. *=p<0.05, 
**=p<0.01, ***=p<0.001, n.s.=Not significant. Error bars represent standard deviation. 
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Figure 4.10. Wnt-receiving cells are biased toward hematopoietic progenitor fate by day 5. (A) 
Schematic of doxycycline induction of WNT9A expression and isolation of CD34+ endothelial cells 
within the indicated cell populations for data shown in (B); (B) RT-qPCR for hematopoietic markers 
GATA2, CMYB, and CD45 in CD34+ endothelial cells from the indicated cell populations. Expression 
values are shown as fold change, normalized to WNT9A-secreting cells (Citrine+, green bar). Data 
represent average of 3 technical replicates; ***=p<0.001. Error bars represent standard deviation. 
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Loss of WNT9A inhibits hematopoietic progenitor differentiation 

Loss of zebrafish wnt9a via morpholino knockdown resulted in loss of HSCs. To determine if 

WNT9A is similarly required in human hematopoietic progenitor development, we utilized 

CRISPR/Cas9 to generate a genomic mutation in WNT9A in hESCs. We isolated two mutant clones 

with an indel mutation in exon 4 of WNT9A, resulting in an early STOP codon and a truncated protein 

(Figure 4.11). WNT9A mutant cells did not exhibit a defect in ability to differentiate to hematopoietic 

progenitor cells compared to wild-type H9 hESCs (Figure 4.11). However, WNT9A is expressed at 

very low levels throughout differentiation, so it is possible that loss of a low-abundance protein does 

not have drastic effects on differentiation (Figure 4.12). This lack of impact on hematopoietic 

differentiation could also indicate that, unlike in the zebrafish embryo, WNT9A is not required for the 

differentiation of hematopoietic progenitor cells, though exogenous WNT9A can boost in vitro 

hematopoietic development. These results could also suggest that loss of WNT9A is being 

compensated for by overexpression of other Wnts, such as WNT9B, which can also improve 

hematopoietic differentiation efficiency in our system (Figure 4.7). It has been previously reported in 

the zebrafish that transient gene knockdowns can be subject to less genetic compensation than 

constitutive genetic mutations (Rossi et al. 2015). In light of this, we also utilized a transient shRNA 

knockdown approach to reduce WNT9A levels during differentiation. WNT9A knockdown resulted in 

a 2-fold decrease in hematopoietic progenitor differentiation efficiency compared to a control shRNA 

knockdown (Figure 4.13). 
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Figure 4.11. WNT9A mutant cells do not exhibit a deficiency in ability to differentiate to 
hematopoietic progenitors. (A) Top: Schematic of the WNT9A gene and CRISPR/Cas9 targeting 
strategy (purple = exons; pink = guide RNA); Bottom: wild-type (WT) WNT9A sequence and mutant 
WNT9A sequence (both Mutant #1 and #2 have the same mutation shown here). (B) Percentage of 
CD34+/CD45+ cells normalized to untreated control. Error bars represent standard deviation. n.s = Not 
significant. 
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Figure 4.12. Endogenous WNT9A is expressed at low levels during hematopoietic differentiation.  
RT-qPCR for WNT9A at the indicated days of hematopoietic differentiation. Expression values are 
shown relative to RPL13A. Error bars indicate standard deviation. 
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Figure 4.13. WNT9A knockdown decreases hematopoietic progenitor differentiation efficiency. 
(A) Representative flow cytometry plots for the data shown in (B). (B) Percentage of CD34+/CD45+ 
cells normalized to control. Data are representative of 2 biological replicates. Error bars represent 
standard deviation. *** = p<0.001. 
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4.3: Discussion 

Wnt signaling has been shown to regulate adult and developmental hematopoiesis in vivo, as well 

as during in vitro differentiation of hematopoietic progenitor cells (reviewed in Richter et al. 2017). 

We recently identified Wnt9a as a specific mediator of a critical Wnt signal required for zebrafish 

HSC development (Grainger et al. 2016). In this study, we sought to extend our findings to human 

cells and determine to what extent WNT9A can regulate the differentiation of human hematopoietic 

progenitors from pluripotent precursors. We found that, as in the zebrafish embryo, Wnt/β-catenin 

signaling positively regulates human hematopoietic differentiation. Similarly, WNT9A improves 

differentiation efficiency in a time- and dose- dependent manner. We also show that the paracrine 

nature of the Wnt9a signal identified in the zebrafish occurs in the in vitro hematopoietic 

differentiation. This is the first report describing a role for WNT9A in mammalian hematopoiesis. 

We show that Wnt/β-catenin stimulation improves human hematopoietic progenitor 

differentiation efficiency, which is consistent with other reports (Woll et al. 2008, Wang and 

Nakayama 2009, Sturgeon et al. 2014, Kitajima et al. 2015, Ng et al. 2016). These studies have 

described an in vitro requirement for Wnt/β-catenin signaling to properly instruct mesodermal fate 

commitment, first to primitive streak-like mesoderm (Sumi et al. 2008), and then further to 

hematopoietic mesoderm (Wang and Nakayama 2009, Sturgeon et al. 2014, Ng et al. 2016). This 

requirement for Wnt/β-catenin signaling is stage specific; we found that inhibition of Wnt secretion 

negatively impacted hematopoietic only during certain windows of differentiation. The Wnt pathway 

is known to have temporally restricted effects on hematopoietic differentiation in vitro; Wnt 

stimulation early typically stimulates hematopoietic differentiation, and later Wnt stimulation results 

in differentiation to mesenchymal cells (Gertow et al. 2013, Sturgeon et al. 2014, Ng et al. 2016) and 

cells restricted to intermediate mesoderm (Kumar et al. 2015), which contributes to the urogenital 

system, and not to the hematopoietic system. The effect of Wnt activation on in vitro hematopoietic 

progenitor differentiation is dose dependent, which was previously described in vivo during adult 



	
  

	
   92 

hematopoiesis using an allelic series of APC mutations (Luis et al. 2011). Fine-tuning of the level of 

Wnt activation during in vitro hematopoietic differentiation protocols may be critical for maximizing 

the number and functionality of hematopoietic progenitors derived from pluripotent precursors. 

Here, we specifically modulate expression of WNT9A, which results in a 5-fold increase in 

CD34+/CD45+ hematopoietic progenitor cells. In contrast, stimulation of the Wnt pathway using a 

small molecule activator [CHIR98014], or Wnt3a results in only a 2-fold increase in CD34+/CD45+ 

cells. Interestingly, WNT9B treatment results in a 17-fold increase in CD34+/CD45+ cells, which is 

unexpected since Wnt9b is not sufficient to rescue loss of Wnt9a in the zebrafish model. This WNT9B 

effect may be due to its ability to signal with many FZD receptors. In this in vitro system, addition of a 

specific ligand affords a larger increase in efficiency than ligand-independent activation of the 

pathway. This may be, in part, due to off-target effects that small molecules, such as this potent GSK3 

inhibitor, can have on other cellular processes; it is possible that these off-target effects slightly inhibit 

hematopoietic differentiation. If this is the case, stimulation with a specific Wnt ligand may activate 

the Wnt/β-catenin signaling cascade more uniquely and potently. Expression of other Wnts, including 

Wnt1, Wnt5, WNT3, and WNT3A have been modulated during in vitro hematopoietic differentiation 

with varying effects on differentiation outcome, suggesting that specific Wnts may act non-

redundantly during differentiation (Woll et al. 2008, Wang and Nakayama 2009, Gertow et al. 2013). 

This has also been described during in vivo hematopoietic stem cell development (Luis et al. 2009b, 

2010, Grainger et al. 2016). This may be due to differential Wnt/Fzd binding affinities and activation 

of subsequent Fzd-specific gene programs (Li et al. 2004, Carmon and Loose 2010, Dijksterhuis et al. 

2015, Voloshanenko et al. 2017). Investigation into which ligand(s) most efficiently instruct 

hematopoietic progenitor fate in vitro may further improve current differentiation protocols. 

Unlike in the zebrafish, loss of WNT9A in this in vitro model of human hematopoietic 

development does not negatively impact hematopoietic progenitor cells. This could be, in part, due to 

genetic compensation by upregulation of other Wnt genes. Exogenous expression of other Wnts, like 
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WNT9B and Wnt3a, resulted in varying degrees of increase in differentiation efficiency, and 

upregulation of these genes could result in a lack of defect in the WNT9A mutant cells. Additionally, 

since WNT9A is not highly expressed during differentiation, loss of already minimal levels of WNT9A 

signaling may not have a negative impact on differentiation outcome. It has been reported in the 

zebrafish that compensation that may arise in genetic knockouts does not always occur in transient 

knockdowns, such as morpholinos (Rossi et al. 2015). Knockdown of WNT9A using shRNAs or other 

transient knockdown methods may result in less compensation.  

In the zebrafish, Wnt9a is secreted by the somites and received by neighboring cells of the 

hemogenic endothelium in a paracrine fashion (Grainger et al. 2016). This signaling mechanism also 

holds true in vitro; it is the cells that receive a Wnt signal, not the cells that secrete WNT9A, that 

differentiate most efficiently to hematopoietic progenitors. This is somewhat surprising, since the 

spatial architecture that is characteristic of a complex zebrafish embryo does not exist during in vitro 

hematopoietic differentiation; a small population of WNT9A-secreting cells is not a limiting factor in 

vitro as it may be during zebrafish development. Interestingly, Wnt9a has also been described to signal 

in a paracrine fashion during zebrafish palate morphogenesis and chick hepatic endothelium 

development (Matsumoto et al. 2008, Rochard et al. 2016). This may indicate that secretion of 

WNT9A precludes a cell from responding to the Wnt signal in an autocrine manner, and thus largely 

signals in a paracrine fashion. This differentiation protocol utilizing a co-culture method to study Wnt-

secreting and Wnt-receiving cells could prove to be a useful platform in future experiments to dissect 

the mechanisms of paracrine versus autocrine Wnt signaling, and to better understand the mechanics 

of Wnt ligand secretion. 

 Our data indicate that signals identified as regulators of hematopoietic development in the 

zebrafish can be translated to impact human hematopoietic progenitor cell during in vitro models of 

development. Wnt9a, which is required for zebrafish HSC development, can be modulated to increase 

the efficiency of CD34+/CD45+ hematopoietic cell differentiation from human pluripotent stem cells. 
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These findings represent an important initial step in translating our knowledge of molecular cues 

governing organismal hematopoiesis to protocols for instructing HSC differentiation in vitro. 

 

 

Chapter 4, in part, has been submitted for publication in Genes. Richter J., Elefanty, A., Ng, 

E., Stanley, E., Traver, D., Willert, K. “WNT9A is a conserved regulator of hematopoietic stem and 

progenitor cell development.” The dissertation author was the primary investigator and author of this 

paper. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

5.1: Conclusions 

 The ability to derive therapy-grade HSCs in vitro from pluripotent precursors has been elusive 

for decades (Ditadi et al. 2017).  Current protocols using timed induction of growth factors or stromal 

feeder cells to derive hematopoietic stem and progenitor cells in vitro result in cells that are immature, 

have not been shown to sufficiently repopulate a recipient animal, or exhibit defects in differentiation 

to downstream blood lineages (Ledran et al. 2008, Lu et al. 2009, Gori et al. 2015). Some protocols 

utilize enforced expression of hematopoietic transcription factors to induce hematopoietic progenitor 

fate, but the resulting cells are still not suitable for therapeutic applications (Doulatov et al. 2013, 

Riddell et al. 2014, Sandler et al. 2014). In this study, I utilized the zebrafish as a model for normal in 

vivo HSC development to identify a critical molecular cue that governs this process, then validated 

that this cue also impacts mammalian hematopoiesis using an in vitro differentiation protocol as a 

model for human hematopoietic progenitor development. 

 Here, I show that Wnt/β-catenin signaling is required in a tightly controlled time window. In 

the zebrafish, this window occurs prior to 20 hpf, and prior to 4 days of differentiation in an in vitro 

model of human hematopoietic development. This early timing is consistent with prior studies in the 

mouse, zebrafish, and other in vitro differentiation protocols (Lengerke et al. 2008, Goessling et al. 

2009, Ruiz-Herguido et al. 2012b, Gertow et al. 2013, Sturgeon et al. 2014, Ditadi et al. 2015, Ng et 

al. 2016). Interestingly, this requirement is 10 hours prior to the onset of a hematopoietic defect in the 

zebrafish. This early Wnt cue primes HSCs for later amplification in the aorta, mediated at least in part 

by Myca, which is downregulated upon loss of Wnt9a (Grainger et al. 2016). It is not yet known what 

mechanism accounts for the delay between Wnt9a requirement and the resulting phenotype. It is 

possible that this early Wnt9a signal mediates epigenetic changes that allow Myca access to open 

chromatin, resulting in later expression of D-class cyclins and their cofactors, Cdk2 and Cdk4. It is not 

clear whether this Wnt cue also results in later proliferation of hematopoietic progenitor cells in vitro. 
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It is worth noting that the time when Wnt stimulation or inhibition can impact differentiation outcome 

(days 2-4) is relatively removed from the time point of my? analysis (day 14), though expression of 

hematopoietic progenitor markers at earlier time points have not been thoroughly analyzed.  

 We identified Wnt9a as the ligand that mediates this critical Wnt cue in the zebrafish embryo. 

Loss of Wnt9a results in fewer HSCs that emerge from the aorta. WNT9A overexpression during the 

in vitro differentiation of human hematopoietic progenitors resulted in a 5-fold increase in 

differentiation efficiency, which suggests that the importance of this molecular cue is conserved across 

species. WNT9A overexpression impacts in vitro differentiation efficiency in a dose-dependent 

manner; low or high doses of WNT9A result in sub-maximal increases in differentiation of 

hematopoietic progenitor cells. This is consistent with global Wnt/β-catenin pathway activation with 

CHIR, and with previously published work in the adult mouse, which showed that moderate levels of 

Wnt signaling were optimal for maintenance of the HSC pool (Luis et al. 2011). These results raise the 

possibility that HSCs are similarly sensitive to the level of Wnt signaling during development; further 

experiments analyzing the effects of Wnt9a overexpression on zebrafish HSCs could provide evidence 

for this. 

 Wnt ligands have often been thought to signal promiscuously through any available Frizzled 

(Fzd) receptor, and that ligand specific phenotypes can largely be attributed to differences in spatial 

and temporal availability. Our results indicate that this is not the case; loss of Wnt9a cannot be 

compensated for by overexpression of Wnt9b or Wnt3a, which also signal in a β-catenin-dependent 

manner. However, this specificity is not as clear-cut in the in vitro model; overexpression of WNT9B 

and Wnt3a also resulted in an increase in hematopoietic progenitor differentiation efficiency. WNT9B 

proved more potent than WNT9A in improving differentiation efficiency. This may be due to 

differences in the ability of each Wnt to signal through the Fzd receptors that are expressed during 

differentiation. Preliminary data from our lab indicates that Wnt9b can signal through more Fzd 

receptors than Wnt9a, which is in line with published work (Voloshanenko et al. 2017). 
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Overexpression of the correct Fzd receptor in concert with Wnt9a could result in greater increases in 

differentiation efficiency. Overall, our data indicate that Wnt ligands act differently on hematopoietic 

progenitor development, and addition of the correct Wnt ligand to in vitro hematopoietic 

differentiation protocols could better mimic in vitro development. 

 Wnt9a is secreted by the somites and received by neighboring hemogenic endothelial cells 

during zebrafish development. This paracrine signaling structure is modeled in the in vitro 

differentiation system; it is the cells that receive the Wnt signal, not the cells that make and secrete 

WNT9A, that differentiate most efficiently to hematopoietic progenitor cells. Wnt9a has also been 

reported to signal in a largely paracrine manner in other settings, such as zebrafish palate 

morphogenesis, mouse cranial skeletal development, and development of chick hepatic endothelium 

(Matsumoto et al. 2008, Zhou et al. 2009, Rochard et al. 2016). This may indicate that Wnt9a 

signaling is biased towards paracrine mechanisms, as opposed to other ligands such as Wnt3, which 

has been shown to signal in either paracrine and autocrine fashions (Sato et al. 2011, Voloshanenko et 

al. 2013, Kato et al. 2014). The mechanism that instructs whether a Wnt will signal in an autocrine or 

paracrine fashion is not understood. Wnt9a signaling during HSC development could serve as a model 

to dissect the mechanisms of paracrine and autocrine Wnt signaling. 

 Addition of WNT9A to in vitro protocols for deriving hematopoietic progenitor cells from 

pluripotent precursor cells improves differentiation efficiency. However, downstream analysis of 

hematopoietic progenitor function has not been completed. Further experimentation to determine to 

what extent these hematopoietic progenitors are capable of differentiating into specific blood lineages. 

In the zebrafish, a Wnt9a signal results in myca activation and subsequent cell proliferation; in the in 

vitro setting, this could be a double-edged sword. Proliferation of hematopoietic progenitors would be 

beneficial in deriving greater numbers of cells for further experiments or transplantation into animals, 

but excessive proliferation could lead to cancerous phenotypes in recipient animals. Fine-tuning of the 
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dosage of WNT9A for not only optimal differentiation efficiency, but also downstream applications 

will be critical in implementing this cue into current differentiation protocols. 

 My study has utilized the zebrafish as a model of developmental hematopoiesis, and identified 

that a critical Wnt cue is required prior to 20 hpf in developing hemogenic endothelial cells. I 

identified Wnt9a as the unique mediator of this signal, and showed that exogenous expression of 

WNT9A during the differentiation of human embryonic stem cells to hematopoietic progenitor cells 

increased differentiation efficiency. The findings of my study improve our understanding of the 

necessary cues required for in vivo HSC development.  My results also show that such cues can be 

translated to in vitro differentiation systems to improve established protocols for deriving 

hematopoietic progenitor cells from pluripotent precursors.  
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5.2: Future Directions 

 My study has elucidated a conserved role for Wnt9a in zebrafish HSC development and in 

vitro human hematopoietic progenitor development. However, many open questions remain. In this 

section, I will discuss open lines of inqury and potential experiments to address these questions. 

 

How does WNT9A affect the functionality of in vitro-derived hematopoietic progenitors? 

 Here, I have shown that WNT9A addition to the in vitro differentiation of human embryonic 

stem cells results in greater numbers of hematopoietic progenitor cells, as measured by CD34+/CD45+ 

cells. My data provide evidence that this WNT9A signal impacts the progenitor population at least at 

the level of marker expression, but it remains to be seen how WNT9A affects the function of these in 

vitro-derived hematopoietic cells. To determine if WNT9A is acting in this system on multilineage 

progenitors or HSC-like cells, as opposed to lineage-restricted progenitors, which may also share this 

CD34+/CD45+ signature (Doulatov et al. 2013), analysis of additional surface markers should be done. 

For example, surface markers such as CD49f and CD90 are expressed on HSC-like cells, but not 

lineage-restricted progenitors. Our zebrafish data indicates that the Wnt9a signal acts on HSCs, not 

downstream progenitors, but the in vitro differentiation system is an imperfect model of hematopoietic 

stem cell development, so it is possible that the mechanism of this signal may be slightly different in 

this model. 

 Many protocols to derive hematopoietic stem and progenitor cells in vitro result in 

hematopoietic cells that express many surface markers indicative of HSC fate, but they have a limited 

capacity to properly differentiate into downstream blood lineages, or have limited repopulation ability 

(Kyba et al. 2002, Wang et al. 2005, p. 4, Ledran et al. 2008, Lu et al. 2009, Doulatov et al. 2013, 

Riddell et al. 2014, Sandler et al. 2014, Ditadi et al. 2017, Sugimura et al. 2017). I hypothesize that 

the addition of WNT9A to the differentiation protocol to more accurately mimic in vivo HSC 

developmental cues will result in an increase in functionality of the resulting hematopoietic 



	
  

	
   100 

progenitors. To test whether WNT9A improves hematpoietic progenitor function, I propose two 

experimental approaches. The first approach utilizes methylcellulose culture medium supplemented 

with hematopoietic cytokines (SCF, IL-3, EPO, G-SCF, GM-SCF) to analyze the ability of the in 

vitro-derived hematopoietic progenitor cells to differentiate into downstream blood lineages (Wognum 

et al. 2013). I propose to differentiate inducible WNT9A hESCs with and without doxycycline from 

day 0-2, sort out CD34+/CD45+ cells, replate them into methylcellulose, and analyze their ability to 

differentiate into downstream blood lineages.  My model predicts that addition of WNT9A will 

stimulate later proliferation of hematopoietic progenitor cells, so I hypothesize that cells treated with 

WNT9A will form more colonies in this assay. It will be important to determine whether the types of 

colonies formed are similar to or different from control cells (i.e. without doxycycline). For the second 

approach, I propose isolating CD34+/CD45+ cells treated with or without WNT9A as above, 

transplanting them into irradiated mouse recipients, and analyzing the degree of engraftment (Cheng et 

al. 2013). These experiments will provide important information regarding the functionality of these in 

vitro derived cells, which is necessary to reach the long-term goal of deriving a transplantable HSC in 

vitro.  

 

Paracrine vs. autocrine Wnt signaling 

 Wnt9a is secreted by the somites and received by the nearby migrating hemogenic endothelial 

cells during zebrafish HSC development (Grainger et al. 2016). The paracrine structure of this signal 

is also modeled during in vitro hematopoietic progenitor development; cells that receive the Wnt 

signal, not cells that secrete WNT9A, differentiate most efficiently towards the hematopoietic lineage 

(Figure 4.9, Figure 4.10). Though many Wnts have been shown to signal in both paracrine and 

autocrine fashions (i.e. Wnt3; (Sato et al. 2011, Voloshanenko et al. 2013, Kato et al. 2014)), Wnt9a 

has been primarily reported to signal in a paracrine context (Matsumoto et al. 2008, Zhou et al. 2009, 

Rochard et al. 2016). The mechanism by which Wnts signal in a paracrine or autocrine fashion is not 
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well understood. The cell lines that I have developed in the context of the in vitro hematopoietic 

differentiation may begin to provide insight into the mechanics of Wnt secretion and paracrine Wnt 

signaling. 

 Unlike in the zebrafish, where Wnt9a is uniquely required for HSC development (Grainger et 

al. 2016), multiple Wnts can improve hematopoietic progenitor differentiation in the in vitro model of 

human hematopoietic development, albeit to varying degrees of efficiency (Figure 4.5, Figure 4.7, 

Figure 4.8). This could be exploited to study whether all Wnts act in a paracrine fashion to improve 

hematopoietic progenitor differentiation efficiency. I hypothesize that while Wnt9a signals in a 

primarily paracrine manner, other Wnts, such as Wnt3a, can signal in both a paracrine and autocrine 

manner. This can be tested during the in vitro hematopoietic differentiation protocol by co-culturing 

cells expressing either Wnt3a or WNT9A with Wnt-reporter cells (as in Figure 4.9). If Wnt3a can 

signal equally well in a paracrine or autocrine fashion, I would expect to see no significant difference 

in differentiation efficiency between the Wnt-receiving population with or without Wnt3a. It may also 

be informative to activate WNT9A signaling by adding purified WNT9A protein to the differentiation 

media, instead of utilizing the doxycycline-inducible expression system. This paracrine nature of the 

WNT9A signal may act more like a juxtacrine signal that is highly dependent on cell context, which 

would be absent if purified protein is added directly to the media. These experiments will provide 

useful insight into the mechanism of different Wnt signals during hematopoietic differentiation. 

 The mechanism determining whether different Wnt ligands signal in a paracrine or autocrine 

context is not well understood during hematopoietic progenitor differentiation, or more broadly in 

other contexts. Characterizing the effects of Wnt signaling in both the ligand-secreting and ligand-

receiving cell populations could further our understanding of how Wnts signal. I hypothesize that 

Wnt3a, which can signal in a paracrine or autocrine manner, and Wnt9a, which has been primarily 

described to signal in paracrine manner, stimulate differential responses in the cells that receive the 

Wnt signal, but also in the cells that secrete the Wnt ligand. A co-culture system similar to the one 
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described in Figure 4.9, using pluripotent cells harboring inducible Wnt transgenes mixed with Wnt 

reporter cells enables facile analysis of the Wnt-producing and the Wnt-receiving cells. These cells can 

be analyzed by RNA-seq to determine differences in transcriptional profiles in paracrine or autocrine 

Wnt settings.  

 

Identifying the Wnt9a receptor 

 This study has identified Wnt9a as the ligand that mediates the critical Wnt signal that is 

required for HSC development. Data from the zebrafish indicates that overexpression of other Wnt 

ligands cannot compensate for the loss of Wnt9a, which may indicate very stringent ligand-receptor 

specificity between Wnt9a and its cognate Fzd receptor. However, we have yet to show which Fzd 

receptor Wnt9a signals through. Preliminary data from our lab indicates that zebrafish Wnt9a binds 

and signals through Fzd9b; they interact synergistically in in vitro signaling assays, and knockdown of 

fzd9b in the zebrafish phenocopies loss of wnt9a, resulting in fewer HSCs (data not shown). To 

determine if human WNT9A also signals with FZD9, I overexpressed WNT9A or each FZD alone or 

in combination in cells harboring a TOP (TCF Optimal Promoter):FLASH transgene. This cell line 

will express Luciferase in response to a Wnt/β-catenin signal, which can be read out as light. WNT9A 

alone minimally activates this Wnt reporter, but signals synergistically with FZD9, the human 

homolog of Fzd9b (Figure 5.1). This indicates that this WNT9A-FZD9 signaling axis may be 

conserved among species. Interestingly, Wnt9a and Fzd9 have been previously shown to interact in 

other developmental settings, such as the chick hepatic endothelium development, providing further 

evidence that this may be a highly conserved signaling mechanism (Matsumoto et al. 2008). However, 

overexpression experiments in artificial in vitro settings can often be fraught with false interactions 

that are merely artifacts of the experimental system, so it is important to validate that FZD9 signals 

with WNT9A in a more biologically relevant setting. To determine if FZD9, like WNT9A, is 

important for hematopoietic differentiation of hESCs in vitro, I performed an shRNA knockdown of 
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FZD9 and analyzed the effect of differentiation outcome by flow for CD34 and CD45. FZD9 

knockdown resulted in a 4-fold reduction as compared to a control shRNA knockdown (Figure 5.2). In 

comparison, WNT9A knockdown resulted in a 2-fold decrease in differentiation efficiency (Figure 

4.13). These differences in the severity of differentiation inhibition may be indicative of differences in 

expression levels; FZD9 is expressed slightly more than WNT9A. This could also be reflective of how 

this ligand-receptor pair would signal in vivo: Wnt9a is secreted by the somites, and received by the 

hemogenic endothelium (which presumably expresses Fzd9b). In this model, Fzd9b/FZD9 would be 

required in a cell-autonomous manner, and so loss of this factor is predicted to have the more drastic 

effect on hematopoietic development. 

 Preliminary loss of function data indicates a role for a WNT9A/FZD9 signaling axis in 

hematopoietic stem and progenitor cell development in both the zebrafish and our in vitro model of 

human hematopoietic development. As a next step, I propose to overexpress WNT9A and FZD9 alone 

or in combination during days 0-2 of differentiation (as in Figure 4.5) and analyze the effect on 

hematopoietic differentiation outcome by flow cytometry for CD34 and CD45. I predict that 

overexpression of WNT9A and FZD9 together will result in a synergistic effect on differentiation 

efficiency. To further show that the interaction between WNT9A and FZD9 is specific, WNT9A 

overexpression could be combined with FZD9 or control knockdowns during hematopoietic 

differentiation. If WNT9A-FZD9 signaling is highly specific, and WNT9A is unable to signal through 

other Fzd receptors, I predict that knockdown of FZD9 will abrogate the effect of adding exogenous 

WNT9A during differentiation. The experiments outlined in this section will give further insight into 

the mechanism of WNT9A signaling during hematopoietic development. 
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Figure 5.1. WNT9A signals synergistically with FZD9. TOP:FLASH Wnt reporter assay. HEK293-
TOP:FLASH cells were transfected with WNT9A, FZD, or both and assayed after 48 hours for 
Luciferase activity. Values are shown as fold activation relative to a mock transfected control. Error 
bars represent standard deviation. 
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 Figure 5.2. FZD9 knockdown decreases hematopoietic progenitor differentiation efficiency. (A) 
Representative flow cytometry plots for the data shown in (B). (B) Percentage of CD34+/CD45+ cells 
normalized to control. Data are representative of 2 biological replicates. Error bars represent standard 
deviation. *** = p<0.001. 
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Elucidating a role for Wnt9a in adult hematopoiesis 

 My study has established a role for Wnt9a during developmental hematopoiesis in both 

zebrafish in vivo and a human in vitro model system. Though Wnt9a is a critical regulator of early 

HSC development in the zebrafish, loss of Wnt9a does not result in a complete ablation of the HSCs. 

These few HSCs that remain appear to adequately contribute to developmental hematopoiesis. wnt9a 

mutant fish (described in Figure 3.15) exhibit normal rag1 expression in the thymus at 5 dpf, 

indicating that there is no defect in the development of T cells, which derive from definitive HSCs 

(Figure 5.3). Although these early HSCs can populate maintenance niches such as the thymus, wnt9a 

mutant fish are not completely healthy for the remainder of their lifespan. Preliminary data indicates 

that this early requirement for Wnt9a can have long-lasting effects in the zebrafish; wnt9a mutant fish 

progressively die off over time, and have a maximal lifespan of approximately 6 months (Figure 5.3). 

This contrasts with the average lifespan of zebrafish: 3 years (Gilbert et al. 2014). Interestingly, wnt9a 

mutant fish do not all die off at the same time, which would suggest the inability to complete a specific 

developmental event or stage, but instead gradually die off. This could be indicative of anemia, 

leading to poor health and overall sickliness, which could be a product of decreased numbers of HSCs 

during early development. To determine if this is the case, future experiments could be done on 

juvenile and adult fish to examine peripheral blood for hematologic abnormalities via histological 

analysis (i.e. defects in erythrocyte maturation or erythrocyte number). Additional analysis could be 

performed on the adult kidney, the site of adult hematopoiesis in the zebrafish (analogous to the 

mammalian bone marrow) to examine the degree of maintenance of the five major blood lineages: 

erythrocytes, eosinophils, myeloid cells, lymphocytes, and precursor cells. This analysis can be easily 

performed by visualizing forward- and side-scatter profiles on a flow cytometer (Boatman et al. 2013). 

Analysis of the adult kidney marrow may give an indication of whether there is abnormal HSC 

differentiation to downstream blood lineages, which could be contributing to the early death 

phenotype seen in adult wnt9a mutants. It could also be useful to analyze the effect of wnt9a 
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overexpression on adult hematopoiesis; these results may illuminate potential problems with utilizing 

WNT9A in protocols to derive hematopoietic progenitors in vitro for later use in transplantations into 

recipient organisms. 
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Figure 5.3. Early loss of wnt9a has long-lasting effects on zebrafish health. (A) In situ 
hybridization for the T-cell marker rag1 at 5 dpf. Embryos are from a heterozygote incross, resulting 
progeny are grouped into wild-type (wnt9a+/+; top), heterozygous (wnt9a+/del; middle), and 
homozygous mutant (wnt9adel/del; bottom) siblings. (B) Embryos from a wnt9a+/del heterozygote incross 
were raised normally and tracked over time to analyze the lifespan of wnt9adel/del homozygous mutant 
fish. At the indicated time points, 20 embryos were removed from the tank and genotyped. Plotted are 
the % of the genotyped embryos that were homozygous mutants. Mendelian genotype ratios predict 
that 25% of the fish would be homozygous mutants. Error bars represent standard deviation.  
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