
 

Consequences of Gata2 Deficiency

Emanuele Gioacchino

 Consequences of G
ata2 Deficiency                     Em

anuele G
ioacchino

        



 

Consequences of Gata2 Deficiency

Emanuele Gioacchino



Consequences of Gata2 Deficiency

Gevolgen van Gata2 Tekort
 

Thesis

to obtain the degree of Doctor from the

Erasmus University Rotterdam
by command of the
rector magnificus

Prof.dr. F.A. van der Duijn Schouten

and in accordance with the decision of the Doctorate Board.
The public defence shall be held on

Tuesday 14 September 2021 at 13.00hrs

by

Emanuele Gioacchino

born in Urbino (PU), Italy.

Copyright © E. Gioacchino 2021

All rights reserved.
No part of this thesis may be reproduced, stored in retrieval systems or transmitted in any 
form by any means without permission from the author. The copyrights of the articles that 
have been published or accepted for publication have been transferred to the respective 
journals.

ISBN: 978-94-6416-772-6
Layout: Egied Simons
Cover: Josephine Bergmann.
Printing: Ridderprint 

The work described in this thesis was performed at the Department of Hematology at 
the Erasmus Medical Center, Rotterdam, the Netherlands. This work has been financially 
supported by grants and fellowships from the Dutch Cancer Society “Koningin Wilhelmina 
Fonds” KWO.

Printing of this thesis was financially supported by the Erasmus University Rotterdam.



DOCTORAL COMMITTEE

Promotors: 	 Prof.dr. I.P. Touw
	
Other members:	 Prof.dr. H.R. Delwel
	 Prof.dr. J.N.J. Philipsen
	 Prof.dr. A. Bigas Salvans

Co-promoter: 	 dr. E.M. De Pater

A nonna Adina, m capisc solo tu



CONTENTS

	 Chapter 1: 	 General introduction	 9 
	
	 Chapter 2: 	 ��Essential role for Gata2 in modulating lineage output from	 35
		  hematopoietic stem cells identified in zebrafish acute myeloid leukemia	

	 Chapter 3: 	� Zebrafish gata2b haploinsufficiency results in erythroid-dysplasia	 81	
 	

	 Chapter 4: 	 GATA2 haploinsufficiency reduces fitness of aged hematopoietic	 101	
		  stem cells	
	
	 Chapter 5: 	 General discussion	 129
		
	Addendum:	 English Summary	 147	
		  Dutch Summary	 149	
		  List of abbreviations	 151	
		  Curriculum Vitae	 153
		  PhD portfolio	 155	
		  List of publications	 157	
		  Acknowledgments	 159	
	



General introduction1



11

1.1 Hematopoiesis and stem cells
Hematopoiesis is the process of blood cell production. Blood cells originate from 
hematopoietic stem cells (HSCs), which are characterized by their ability to self-renew and 
to differentiate into all blood cell types (Ogawa, 1993; Till, J.E. McCulloch, 1961). Adult HSCs 
reside almost exclusively in the bone marrow (BM), replicate with a low frequency, and are 
responsible for the production of all differentiated blood cells via intermediate cells called 
hematopoietic progenitor cells (HPCs) (Akashi et al., 2000; Kondo et al., 1997; Sun et al., 
2014). Unlike the HSCs, HPCs are highly proliferative cells with no or limited self-renewal; 
they possess a more restricted lineage differentiation capacity and ensure a continuous 
supply of blood cells, both under homeostatic conditions and in episodes of hematological 
stress, such as blood cell loss or bacterial infections. The cell cycle of hematopoietic stem 
and progenitor cells (HSPCs) is controlled by the synergistic activity of extrinsic signals from 
the BM niche and hematopoietic cytokines and cell intrinsic pathways, mainly directed 
through transcription factors (TF) (Laurenti and Göttgens, 2018). 

Mature blood cells are specialized in performing specific tasks in the organism like 
immune response, wound healing, oxygenation. Most blood cells have a limited life-span, 
lasting from a few hours (platelets) to several weeks (red blood cells). The two main blood 
cell categories are myeloid and lymphoid. The myeloid compartment comprises the cells 
of the innate immune response (neutrophils, eosinophils, and basophils), macrophages, 
thrombocytes, mast cells and erythrocytes. The lymphoid compartment is made up of 
cells responsible for the adaptive immune response, including B and T cells. In humans 
more than a million differentiated blood cells are produced every second. This continuous 
blood production requires a tight regulation. The proper control of proliferation and/or 
differentiation is a key aspect for a balanced and healthy blood system. This is highlighted 
when HSPCs struggle to differentiate into specific cell lineages or maintain a long-term self-
renewal capacity, causing respectively cytopenia or leukemia (Fuchs and Chen, 2013; Seita 
and Weissman, 2010). 

The understanding of hematopoiesis starts with the interpretation of steady state 
conditions. Although the mechanisms that determine how HSCs are instructed to differentiate 
are still not fully understood, there is consensus over a tree-like model of hematopoiesis 
(Akashi et al., 2000; Kondo et al., 1997). HSCs reside at the top of this model, progressively 
giving rise to all blood lineages, and restricting their lineage potential in a hierarchical 
manner. The steps of differentiation are represented by branches, where a cell restricts its 
potential and differentiates. This model is mostly based on immunophenotypical purification 
of stem and progenitor cells. Depending on the set of markers or the assay used to define 
progenitors, various branching patterns have been proposed leading to slightly different 
models of hematopoiesis. Recent advances in single-cell RNA sequencing and cellular 
barcoding led to a more continuous and dynamic model (Rodriguez-Fraticelli et al., 2018).

General introduction
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1.1.1 Identification of adult murine HSCs
The identification of HSCs has been a key aspect in hematology for various purposes, 
such as transplantation, re-programming technology and for a biological understanding of 
hematopoiesis and hematopoietic disease. Being such a small population, HSC identification 
was a challenging aspect in hematology. These cells can be defined both functionally and 
phenotypically as was pointed out by Purton and Scadden: ¨HSCs are functionally defined 
by their ability to sustain multi-lineage engraftment for an extended period of time upon 
serial transplantation into irradiated recipient mice and are immunophenotypically defined 
by the expression of a set markers¨ (Purton and Scadden, 2007). The transplantation of 
bone marrow HSC and MPPs subpopulations revealed functional differences in self-renewal, 
clonal lifespan and repopulation capacity in irradiated mice. Consequently, multipotent 
hematopoietic cells have been broadly subclassified in long-term HSC (LT-HSC), short-term 
HSC (ST-HSC) and multipotent progenitors (MPPs). LT-HSC can support hematopoiesis for 
more than 4 months in lethally irradiated recipients and maintain this competence at least 
in a secondary transplantation (Colvin et al., 2009; Lemischka et al., 1986; Lu et al., 2011; 
Morrison and Weissman, 1994; Nakauchi, Hiromitsu Sudo, Kazuhiro Ema, 2006; Oguro et al., 
2013; Szilvassy et al., 1990; Yang et al., 2005).

The phenotypic definition of HSCs takes advantage of a specific combination of cell surface 
markers. Most methods for enriching HSCs include the exclusion of lineage positive cells (B 
cell, T cells, macrophages/monocytes, granulocytes and erythrocytes) and the inclusion of 
cells co-expressing Sca1 and c-Kit (Osawa et al., 1996; Spangrude et al., 1988; Zhao et al., 
2000). The cells in this subgroup are called LSK (Lin-Sca1+Kit+) and include all multipotent 
hematopoietic cells in the bone marrow with an HSC purity that was defined to be about 
10% in steady state hematopoiesis for C57Bl/6 (Spangrude and Brooks; Spangrude et al., 
1988; Uchida and Weissman, 1992). A more stringent purification method incorporates the 
inclusion of so-called SLAM (signaling lymphocyte activation molecule) family members, 
namely CD48- and CD150+ (Kiel et al., 2005). The frequency of long-term reconstituting HSCs 
in Lin- Kit+Sca+CD150+CD48- (LSK SLAM) is between 20-40% and represents about 0.008% of 
C57BL bone marrow cells (Kent et al., 2009; Kiel et al., 2005; Yilmaz et al., 2006).

1.1.2 Characteristics and regulation of adult HSCs
The behaviour of HSCs is governed by extrinsic and intrinsic factors. For instance, during 
transplantation HSCs are challenged to reconstitute an irradiated recipient and consequently 
boost their proliferation. Contrarily, steady state HSCs are mainly quiescent, (Cabezas-
Wallscheid et al., 2017; Cheshier et al., 1999; Foudi et al., 2009; Pietras et al., 2011; Wilson 
et al., 2008) with low mitochondrial activity (Ito et al., 2016; Vannini et al., 2016) and a 
preference for glycolytic metabolism over oxidative phosphorylation (Simsek et al., 2010; 
Takubo et al., 2013). In steady state vs transplantation setting, the proliferation difference 
in HSCs is due to the environment, highlighting the importance of extrinsic regulation. 

Extrinsic regulation of adult steady state HSPCs is mediated by non-hematopoietic cells (like 
osteoblasts, endothelial cells, adipocytes, fibroblast and mesenchymal stromal cells) and 
differentiated hematopoietic cells like macrophages, osteoclasts (derived from monocytes 
and macrophages (Udagawa et al., 1990)), and lymphocytes (Hirata et al., 2018). All of these 
cells form a microenvironment for HSCs, also known as the HSC niche, within the bone 
marrow. This niche protects HSCs by limiting byproducts of aerobic metabolism, such as 
reactive oxygen species (ROS), supporting the prevention of DNA damage (Eliasson and 
Jönsson, 2010), while also maintaining and directing their self-renewal and differentiation 
state by releasing signals such as cytokines, chemokines and extracellular matrix molecules. 
Parallel to extrinsic regulation, HSC behaviour is driven intrinsically by transcription factors, 
signal transduction molecules, non-coding RNA and epigenetic modifiers. Transcription 
factors are the most researched intrinsic regulators due to their relevance with HSCs self-
renewal, differentiation (for example C/EBPα for granulocyte differentiation (Zhang et al., 
1997)) or apoptosis (for example P53 (Fridman and Lowe, 2003)).

1.1.3 Lineage priming and stem cell heterogeneity
The standard hematopoietic tree model assumes that HSCs are a homogeneous population 
with the same self-renewal and differentiation potential. However, most experiments to 
define HSCs were obtained from expression profiling of pooled cell subsets. Those bulk 
immunophenotypical analyses put together cells that are functionally often dissimilar, 
leading to a misinterpretation of the HSC compartment. Nowadays, phenotypic HSCs are 
not considered a homogeneous population anymore, yet mostly a heterogeneous lineage 
primed population. Already in 1997, the concept of multilineage gene expression in a 
single hematopoietic multipotent progenitor was recognized  (Hu et al., 1997) and defined 
as a state called ¨promiscuous¨. This observation was based on single cell RT-PCR on a 
hematopoietic multipotential cell line reporting co-expression of granulocytic, monocytic 
and erythroblastic markers such as myeloperoxidase and beta-globin. The pattern of 
gene expression allowed to define a predictable functional outcome of these cells. These 
experiments supported the lineage priming model. Lately, a prediction model classified 
cells undergoing differentiation based on a gradual decrease in the number of genes that 
are expressed, confirming multilineage gene expression in HSCs (Gulati et al., 2020). In 
this model HSCs express multiple differentiation genes, representing their differentiation 
potential. During differentiation, one pathway gets upregulated causing the downregulation 
of the other differentiation pathways (Figure 1). Therefore, the expression level of lineage-
restrictive transcription factors can be used to infer cell fate of HSPCs. 
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Figure 1. Multilineage priming allows HSCs to commit into different cell fates. Adapted from Nimmo et al (Nimmo 
et al., 2015). Multiple lineage affiliated genes are co-expressed in multipotent cells before lineage commitment. 
Commitment is associated with downregulation of genes associated with alternative lineages. 

Even if bona fide HSCs and MPPs have the potential to differentiate into all hematopoietic 
cell types, subgroups have distinct differentiation behaviours (Cabezas-Wallscheid et al., 
2014; Pietras et al., 2015). For example, a thrombocyte-biased HSC population has been 
proven both transcriptionally and functionally via transplantation and in vitro assays 
(Grover et al., 2016; Rodriguez-Fraticelli et al., 2018; Sanjuan-Pla et al., 2013; Yamamoto 
et al., 2013). Megakaryocytes are considered to arise independently of other lineages but 
the reason for this atypical way of differentiation is still doubtful. Megakaryocytic priming 
and independence in differentiation also occurs in zebrafish (Macaulay et al., 2016). Since 
megakaryocytes and HSCs share common markers and niche (Cheng et al., 2020), it is still 
under debate whether the HSCs purification methods cause the inclusion of megakaryocytes. 
Besides HSCs, phenotypic MPPs are considered a heterogeneous lineage-biased population 
as well. MPP subgroups have been distinguished as being megakaryocytic, myeloid and 
lymphoid biased (Pietras et al., 2015). 

The first functional evidence of a heterogeneous stem cell compartment arose from 
single cell transplantation experiments of phenotypic HSCs resulting in different outputs. 
Several single cell transplantation experiments had widely variable reconstitution kinetics 
and very rarely a single transplanted HSC gave rise to a balanced differentiated progeny 
(Dykstra et al., 2007; Morita et al., 2010; Müller-Sieburg et al., 2002; Yamamoto et al., 
2013). These results are in contrast with the view of a homogeneous HSCs population and 
infer that every HSC possess a very specific, if not unique, self-renewal and differentiation 

characteristic. Transplantation experiments test the ability of an HSC to generate other cell 
types when placed in a new environment, also called potency, while the direction of an 
HSC in an unperturbed setting represents its cell fate. Cell fate, in this context, has been 
studied by ex vivo barcoding and transplantation (Aiuti et al., 2013; Gerrits et al., 2010; 
Jordan and Lemischka, 1990; Lemischka, 1993; Lemischka et al., 1986; Mazurier et al., 
2004; Shi et al., 2002; Snodgrass and Keller, 1987) and more recently by in vivo barcoding 
experiments (Rodriguez-Fraticelli et al., 2018; Yu et al., 2016), confirming the presence of 
HSC subpopulations in steady state hematopoiesis. In the last years, with the aid of new 
technologies, like single cell RNA sequencing, a molecular and functional heterogeneity in 
the HSC compartment has been supported by multiple research groups. The technological 
advances in single cell transcriptome analysis now allow for a higher sensitivity and to 
detect multiple genes expressed by single HSCs. In summary, transplantation, single cell RNA 
sequencing and barcoding experiments of putative HSCs confirmed the presence of primed 
HSCs (Figure 2) by revealing a heterogeneity in the expression of transcription factors and 
revealing hematopoiesis as a less stepwise and more continuous process (Grover et al., 
2016; Karamitros et al., 2018; Moignard et al., 2013; Velten et al., 2017).

HSC

CLP
CMP

HSC

CLP
CMP

Figure 2. HSC Lineage Biases and Transcriptional Lineage Priming
Adapted from Haas et al (Haas et al., 2018). Balanced HSCs show a roughly equivalent contribution toward the 
production of all mature blood cells (left). Lineage biases HSCs show an unbalanced production of differentiated 
cells (right). Transcriptional lineage priming is an indicator of the differentiation path that multipotent cells will 
take.

1.2 GATA2 
More than 500 transcription factors are encoded in the human genome (Hamosh et al., 
2002). Six GATA factors (GATA1 to 6) have been identified in vertebrates. These proteins 
are pivotal transcriptional regulators involved in both physiological and pathological 
states. Their name is derived from their ability to bind the consensus DNA sequence (A/T)
GATA(A/G) using two zinc finger protein structural motifs (Ko and Engel, 1993). While 
GATAs 4 to 6 have been associated to cardiac, pulmonary, pancreatic and hepatic function 
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(Molkentin, 2000), GATAs 1 to 3 are mostly linked to the development and-or maintenance 
of the hematopoietic system. Having crucial functions in the ontogeny of the hematopoietic 
system, each of the mouse Gata1, Gata2 or Gata3 homozygous knockout is embryonically 
lethal (Gata1 is hemizygous in males) (Fujiwara et al., 1996; Pandolfi et al., 1995; Tsai et 
al., 1994). In humans, heterozygous germline GATA2 mutations strongly predispose to 
hematological diseases (Crispino and Horwitz, 2017). Co-occurring mutations are present 
in GATA2 heterozygous patients progressing to myelodysplastic syndromes (MDS)- acute 
myeloid leukemia (AML) with mutations in ASXL1 being the most common (West et al., 
2014). 

Germline inactivating mutations in one of the GATA2 alleles are the primary cause of 
a series of disorders called GATA2 haploinsufficiency syndromes. GATA2 deficiency results 
in different manifestations with variable age of onset and outcomes. GATA2 deficiency is 
responsible for monocytopenia and mycobacterial infection (MonoMAC) syndrome and 
Emberger syndrome. MonoMAC is a complex phenotype involving susceptibility to various 
infections and cytopenias in monocytes, B-and NK cells (Vinh et al., 2010). Emberger syndrome 
involves lymphedema and myelodysplasia or leukemia (Hsu et al., 2011). Other GATA2 
deficiencies include dendritic cell, monocyte, B and NK lymphoid (DCML) deficiency (Bigley 
and Collin, 2011; Dickinson et al., 2011), mild chronic neutropenia (Pasquet et al., 2013) 
and familial AML (Hahn et al., 2011). GATA2 haploinsufficiency has been associated with a 
probability to develop MDS-AML ranging from 39% at 20 years old to 80% at 40 years old 
(Donadieu et al., 2018). Out of all AML patients, 3.6% to 14.4% are reported to carry a GATA2 
mutation (Fasan et al., 2013; Green et al., 2013; Greif et al., 2012; Hahn et al., 2011). 

In myeloid malignancies, heterozygous GATA2 mutations are found throughout the gene, 
but often cluster in one of the two zinc finger domains, most likely affecting the ability of GATA2 
to bind DNA and other proteins, thus causing haploinsufficiency (Collin et al., 2015). GATA2 
mutations are diverse (missense, nonsense, deletion, uniallelic or in regulatory elements) 
but no specific phenotype has been associated to a mutation type (except lymphedema 
in nonsense and deletion mutations)(Spinner et al., 2014). Mutations abrogating GATA2 
(like frameshift mutations) are associated with an earlier onset of clinical presentation 
than less dramatic mutations (like substitution mutations), more likely to contribute in a 
transcriptional reduction (Dickinson et al., 2014). The WT allele in GATA2 haploinsufficient 
patients appears to retain functionality (Crispino and Horwitz, 2017), excluding the need 
for both alleles to be non-functional for the phenotype to occur. Besides a loss in GATA2 
functionality, GATA2 over-expression can result in acute myeloid leukemia (Persons et al., 
1999; Tipping et al., 2009; Zhang et al., 2008). Since both GATA2 over-expression and down-
regulation can cause blood phenotypes, the correct levels of GATA2 expression are essential 
for healthy hematopoiesis. With the goal of understanding the effect of GATA2 de-regulation 
in mind, in chapter 3 and 4 we explore the effect of a zebrafish Gata2b and a mouse Gata2 
heterozygous knockout.

1.2.1 Gata2 and ontogeny of murine hematopoiesis
While HSCs in adult mammals reside in the bone marrow, their origin can be traced back 
during embryogenesis. An understanding of GATA2 function during ontogeny is particularly 
important because of its essential role in embryonal hematopoiesis and because the 
pathogenic mutations are frequently present in the germline. GATA2 possess unique roles 
during the generation, amplification and maintenance of embryonic HSCs (Ling et al., 
2004; de Pater et al., 2013; Rodrigues et al., 2005; Tsai and Orkin, 1997). In mice the first 
hematopoietic cells appear at embryonic day (E)7.5 in the blood island of the yolk sac, during 
the so-called primitive hematopoiesis. This process is temporary and allows the developing 
organism to sustain growth via tissue remodelling, oxygen and metabolite distribution 
before the overtake of definitive hematopoiesis (Jagannathan-Bogdan and Zon, 2013). 
Although this process is transitory, it gives rise to permanent tissue resident macrophages 
(Palis et al., 1999; Tober et al., 2007). At this stage of embryonic development, Gata2 is 
expressed in the primitive streak and in endothelial cells of the paired dorsal aorta (Kaimakis 
et al., 2016; Minegishi et al., 1999; Robert-Moreno et al., 2005). A second wave of yolk-
sac-derived primitive hematopoiesis causes the production of erythro-myeloid progenitor 
cells (EMP) by E8.5 (McGrath et al., 2015) and immune restricted progenitors (Böiers et 
al., 2013). These HSC-independent progenitor cells are the first hematopoietic cells with 
multilineage potential. 

1.2.2 GATA2 in definitive hematopoiesis
The first HSCs are generated in the aorta-gonads-mesonephros (AGM) region (Dieterlen 
Lievre, 1975; Medvinsky and Dzierzak, 1996) and other arteries (de Bruijn et al., 2000) from 
specialized hemogenic endothelial cells (Ohneda et al., 1998; Zovein et al., 2008), through 
a conserved mechanism called endothelial to hematopoietic transition (EHT) at E10.5 
(Bertrand et al., 2010; Boisset et al., 2010; Dzierzak and Bigas, 2018; Jaffredo et al., 1998; 
Kissa and Herbomel, 2010; Müller et al., 1994). During EHT, hemogenic endothelial cells 
activate a hematopoietic transcriptional program which requires the balanced expression 
of transcription factors, such as Runx1 and Gata2. These expression changes cause 
morphological alterations like the loosening of tight junctions and the rounding up of cells 
forming intra-aortic hematopoietic cluster cells (IAHCs). The HSPCs at this stage are marked 
by the co-expression of the endothelial marker CD31 and c-Kit (Sasaki et al., 2010; Yokomizo 
and Dzierzak, 2010). HSCs can also be found after E10.5 in vitelline and umbilical arteries, 
placenta, yolk sac, and embryonic head (De Bruijn et al., 2000; Gekas et al., 2005; Gordon-
Keylock et al., 2013; Li et al., 2012; Medvinsky et al., 2008; Müller et al., 1994; Ottersbach 
and Dzierzak, 2005; Robin et al., 2011; Rybtsov et al., 2011). Gata2 is expressed during 
definitive hematopoiesis in the hemogenic endothelium and emerging HSCs and IAHCs at 
E10 (Eich et al., 2018). 
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Using a conditional KO, Gata2 has been deleted before the generation of HSCs using Vec-
Cadherin-expressing endothelial cells (Vec-Cre:Gata2f/f). This mouse model had a deficiency 
in intra-aortic cluster cell generation and did not generate long-term repopulating HSCs, 
confirming a quantitative and functional role of Gata2 in HSC generation in hemogenic 
endothelium. Gata2 has a dose-dependent function in the generation of HSCs. Indeed, Gata2 
homozygous knock out mouse embryos are anemic and die at E10.5, not generating HSCs 
(Tsai et al., 1994), while heterozygous knock out embryos survive to adulthood but have 
more subtle changes in the hematopoietic system. Gata2 haploinsufficient embryos have 
significantly reduced emerging HSPCs in the AGM. This decrease in HSPCs was confirmed at 
E11 by a Sca-1 transgenic line (Ling et al., 2004) and at E10 by c-kit immunostaining (de Pater 
et al., 2013). Besides, AGM and yolk sac explants from Gata2 haploinsufficient embryos have 
a reduced engraftment capacity in irradiated recipients (Ling et al., 2004).

 Gata2 not only controls the generation of HSCs but also their maintenance. HSPCs 
generated during EHT colonize the fetal liver from E11, mainly in response to Cxcl12 (Chou 
and Lodish, 2010). Fetal liver colonization from HSPCs is followed by their expansion, 
reaching a maximum of about 1000 HSC at E14.5 to 15.5 (Ema and Nakauchi, 2000; 
Morrison et al., 1995). Stem cells at this stage can be distinguished using SLAM markers 
(Kim et al., 2006). Vascular invasion in the developing bones allows the seeding of HSPCs 
from circulation in the BM. Gata2 has been deleted after the generation of HSCs using a 
conditional KO in Vav-expressing hematopoietic cells (Vav-Cre:Gata2f/f). Vav-Cre:Gata2f/f 
mice had decreased colony formation and their phenotypic HSCs had concurrent decrease 
in number and increase in apoptosis. Furthermore, transplantation studies showed that LT-
HSCs are absent in Vav-CRE;Gata2f/f embryos (de Pater et al., 2013). HSCs migrate to the BM 
from E17.5 and this site remains the main source of hematopoietic cells in healthy adult 
mice. While fetal liver HSCs are expanding, and cycle frequently, bone marrow HSCs are 
mostly quiescent (BM) (Christensen et al., 2004; Wilson et al., 2008). Gata2 haploinsufficient 
mice are viable and become adults without any apparent anomaly, including normal blood 
values (Rodrigues et al., 2005). However, their bone marrow has a diminished frequency 
of CD34- LSK, and LSK cells have an increased proliferation and a propensity for apoptosis. 

While GATA2 mutations in the zinc finger domains alter binding, enhancer mutations 
effect its expression. Two enhancers are essential for the murine GATA2 activity, one 9.5 
kb downstream (+9.5) and one 77 Kb upstream (-77) of the transcriptional start site. The 
deletion of the +9.5 enhancer causes lethality at E13.5, abrogating HSCs generation (Gao 
et al., 2013), the correspondent human enhancer is mutated in 10% of all the MonoMAC 
syndrome patients (Hsu et al., 2013). While a deletion of the -77 enhancer allows HSC 
generation but causes lethality at approximately E15.5 due to a block in myelo-erythropoiesis 
and HSPC expansion (Johnson et al., 2015). Although it is currently challenging to entirely 
weigh the various criteria regulating Gata2 dosage, balanced expression of functional GATA2 
is necessary for hematopoiesis and its de-regulation is linked to leukemogenesis. Indeed, 

both high (Luesink et al., 2012; Menendez-Gonzalez et al., 2019) or low Gata2 expression 
(see haploinsufficiency) predispose to AML..

1.3 Zebrafish in hematological research
Zebrafish (Danio rerio) became the emerging model for hematological research in the last 
decades, particularly for the convenience of molecular manipulation and the possibility to 
visualize embryogenesis in vivo, due to its transparency at this stage. The external fertilization 
and transparency of zebrafish allows to observe embryogenesis without interferences in the 
growth process. These advantages, together with the available transgenic reporter lines, 
allowed researchers to visualize embryonic growth with unprecedented ease. For example, 
the first in vivo EHT events (Bertrand et al., 2010; Kissa and Herbomel, 2010) and the HSPCs 
and stromal cell interaction in the caudal hematopoietic tissue (CHT) were visualized using 
zebrafish (Tamplin et al., 2015). The external fertilization allows to modify the genetic 
material (for example using CRISPR gene editing) directly at one-cell stage. In chapter 2 and 
chapter 3 we took advantage of this opportunity to generate a gata2b knockout. Despite 
an evolutionary divergence, zebrafish and mammals conserved most of the molecular and 
physiological processes directing hematopoiesis, like the generation and amplification of 
HSCs. Differently from mammals, zebrafish erythrocytes and thrombocytes retain their 
nucleus. However, zebrafish hematopoietic cells maintain a clear resemblance to human 
cells in a way that all hematopoietic lineages can be distinguished (Figure 3).  

Figure 3. Hematopoietic cells in zebrafish.  May-Grünwald-Giemsa stain of kidney marrow (KM) cells. Multiple 
differentiated cells and intermediate progenitors are recognizable.
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Zebrafish belong to the infraclass of teleost, which underwent an extra whole-genome 
duplication compared to other vertebrates (Meyer and Schartl, 1999). While some of the 
duplicated genes became pseudogenes, others acquired new functions related to the original 
gene in a way that more than 70% of human genes have at least one zebrafish orthologue 
(Howe et al., 2013). The extra genome duplication in teleost caused the generation of two 
Gata2 orthologues in zebrafish called Gata2a and Gata2b (Gillis et al., 2009). These two 
paralogues genes share just 57% of sequence identity but retained a well conserved region 
coding for the two zinc fingers, compared to humans and mice (Butko et al., 2015)..

1.3.1 Ontogeny of zebrafish hematopoiesis
Primitive hematopoiesis in zebrafish begins in the lateral plate mesoderm (LPM). At 
around 15hpf the LMP forms the inner cell mass (ICM) which becomes the site of primitive 
hematopoiesis, generating erythroid and myeloid precursors (Detrich et al., 1995). 
Like in mammals, the first zebrafish definitive blood cells are derived from endothelial 
cells that undergo EHT. EHT occurs in the ventral side of the dorsal aorta and can be 
tracked in vivo using an endothelial reporter like Tg(fli:gfp). During EHT, flat hemogenic 
endothelial cells round up, shed in the space between the dorsal aorta and posterior 
cardinal vein (like shown in Figure 2I of chapter 2) and re-enter into circulation through 
the posterior cardinal vein. After generation, HSPCs enter the circulation and seed the 
caudal hematopoietic tissue (CHT) which functions as an intermediate hematopoietic 
site, analogous to the fetal liver of mammals (Figure 4), to expand the HSPC pool. The 
CHT is a highly vascular tissue that induces expansion of HSPCs with the aid of different 
cytokines (Murayama et al., 2006). After amplification, HSPCs relocate to the thymus, for 
T-cell differentiation, and kidney starting from 4dpf (Figure 4). The zebrafish kidney marrow, 
similarly to the mammal’s bone marrow, is the main site of definitive hematopoiesis 
and all hematopoietic lineages are distinguishable (Figure 3) (Davidson and Zon, 2004).

Chapter 1

Figure 4. Hematopoietic organs are conserved in zebrafish. Principal organs and time points of hematopoiesis 
during mouse and zebrafish development. Created with BioRender.com
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In the kidney marrow, HSPCs are marked by low levels of Tg(CD41:GFP) fluorescent (GFPlow) 
signal (Ma et al., 2011) or can be distinguished based on their light scatter, together with 
the remaining main hematopoietic populations (Figure 5) (Traver et al., 2003). In chapter 2 
and chapter 3 we took advantage of both methods for identifying and characterizing HSPCs. 
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Figure 5. Hematopoietic lineage differentiation in zebrafish. Whole kidney marrow populations classification based 
on FSC-A/SSC-A with corresponding representative images of sorted cells after May–Grünwald-Giemsa staining.
The cells within the smaller quadrants depict additional representative cells within the same gate using the same 
magnification. 

1.3.2 Role of Gata2a and Gata2b in hematopoiesis
The expression of Gata2 factors in zebrafish hematopoiesis starts with the expression of 
Gata2a at around 10.3hpf in the posterior lateral plate mesoderm. Instead Gata2b starts 
to be expressed at 16-18hpf in endothelial cells, based on qPCR and whole-mount in situ 
hybridization data. Gata2a expression is found mostly in vascular structures like DA and 
PCV; while Gata2b in sites of HSCs emergence and colonization (Butko et al., 2015). In adult 
zebrafish, Gata2b is expressed in the thymus and kidney and, using lineage tracing, Gata2b 
expressing cells have been proven to give rise to most blood cells in the KM. To recapitulate, 
while Gata2a is expressed more broadly in vasculature, Gata2b is expressed mostly in the 
hematopoietic system. 

In support of a functional activity in the expression sites, homozygously mutated 
zebrafish in gata2a zinc finger nuclease (ZFN) reported shunts and other circulatory 
problems, particularly in the formation of the dorsal aorta (Zhu et al., 2011). Dobrzycki et 
al., identified the i4 enhancer in gata2a as the equivalent of the +9.5 Gata2 enhancer in 
mouse. The expression of the gata2a i4 enhancer in endothelial cells was needed to drive 
Gata2a expression. gata2a-i4 enhancer homozygous mutants had lower expression of 
Runx1 and Gata2b in the hemogenic endothelium at 28hpf and a Notch-driven recovery of 
these transcription factors starting at 48hpf resulting in normal numbers of HSPCs by 5dpf 
(Dobrzycki et al., 2020). Gata2b morphants instead have a normal vascular development 
and arterial specification (Butko et al., 2015) but defects in Runx1 and C-myb expression 
respectively at 25 and 36hpf. Alongside, Gata2a did not rescue Gata2b morphants. These 
results indicate an evolutionary differentiation in the activity of Gata2a and Gata2b, and 
Gata2b as an uncharted transcription factor in zebrafish adult hematopoiesis.

Scope and outline
After years of human genetic analysis, substantial evidence emerged that germline mutations 
in GATA2 strongly predispose to the development of MDS and AML, with a penetrance of 
over 80% by the age of 40 (Donadieu et al., 2018). Furthermore, germline mutated GATA2 
patients can present with a plethora of phenotypes like monocytopenia, DC-, NK and B 
cell-lymphopenia, neutropenia or lymphedema. In this dissertation we focus on dissecting 
the role of GATA2 gene deletions in both zebrafish and mice. To this end, in chapter 2 we 
generated a zebrafish gata2b mutant line and identified the hematopoietic consequences 
of the full loss of this transcription factor. Whereas in chapter 3 we used the same gata2b 
mutant zebrafish line as chapter 2 but analysed its heterozygous loss. These models 
allowed a direct comparison of the effects of 3 different levels of Gata2b in the zebrafish 
hematopoietic system. Whereas both the heterozygous and homozygous gata2b mutants 
revealed a transcriptional hyperproliferation in HSPCs, they exhibited distinct abnormalities 
in kidney marrow cells. gata2b homozygous deletion results in lineage differentiation 
defects resulting in neutropenia and defective B cell differentiation, whereas heterozygous 
deletion of gata2b results in erythroid and myeloid dysplasia, both phenotypes observed in 
patients. Indicating that different dosages of Gata2b result in specific cellular defects.  

In chapter 4 we used a mouse model to study Gata2 haploinsufficiency. HSPCs from 
Gata2 heterozygous mice (Gata2+/-) had a transcriptional loss of quiescence both in 
embryogenesis and in adulthood. This proliferative stress, combined with the observation, 
in GATA2 deficient patients, of a drastic increase in MDS/AML incidence with age (Donadieu 
et al., 2018; Spinner et al., 2014) led us to investigate the effect of aging in Gata2+/- mice. 
In chapter 4 we revealed that after aging and transplantation of Gata2 heterozygous  
bone marrow recipients mice would develop leukopenia, recapitulating an aspect of the 
immunodeficiency reported in GATA2 patients. Finally, in chapter 5 we summarized the most 
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important findings and interpreted the meaning and relevancy of the results from previous 
chapters. In perspective to the current available literature we evaluated the limitations of 
our experiments and made recommendations for future research.
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ABSTRACT

The differentiation of hematopoietic stem cells is tightly controlled to ensure a proper 
balance between myeloid and lymphoid cell output. GATA2 is a pivotal hematopoietic 
transcription factor required for generation and maintenance of hematopoietic stem 
cells. GATA2 is expressed throughout development but due to early embryonic lethality in 
mouse, its role during adult hematopoiesis is incompletely understood. Zebrafish contains 
two orthologues of GATA2; Gata2a and Gata2b that are expressed in different cell types. 
We show that the mammalian functions of GATA2 are split between these orthologues. 
Gata2b deficient zebrafish have a reduction in embryonic definitive hematopoietic stem 
and progenitor cell (HSPC) numbers, but are viable. This allows us to uniquely study the 
role of GATA2 in adult hematopoiesis. gata2b mutants have impaired myeloid lineage 
differentiation. Interestingly, this defect arises not in granulocyte-monocyte progenitors, 
but already in HSPCs. Gata2b deficient HSPCs showed impaired progression of the myeloid 
transcriptional program, concomitant with increased co-expression of lymphoid genes. This 
results in a decrease in myeloid programmed progenitors and a relative increase in lymphoid 
programmed progenitors. This shift in the lineage output could function as an escape 
mechanism to avoid a block in lineage differentiation. These studies help to deconstruct 
the functions of GATA2 during hematopoiesis and show that lineage differentiation flows 
towards a lymphoid lineage in the absence of Gata2b.

INTRODUCTION

Hematopoietic stem cells (HSCs) have the capacity to self-renew and to generate all lineages 
of the hematopoietic system1. The HSC pool is a heterogeneous population of cells that 
are tightly controlled by cell-intrinsic and -extrinsic cues to maintain a balance between 
myeloid and lymphoid cell commitment2-5. It is currently under debate whether HSCs can 
flow between myeloid and lymphoid lineage commitment or whether the HSC pool consists 
of separate lymphoid biased and myeloid biased HSCs6. 

The transcription factor GATA2 has a key role in blood cell formation during mammalian 
embryonic development. GATA2 expression is tightly regulated during distinct stages of 
hematopoietic development and plays crucial roles in the specification of hemogenic 
endothelium (HE) and the generation and maintenance of HSCs7-11. A role for this transcription 
factor in myeloid/lymphoid commitment is supported by findings of reduced and impaired 
granulocyte-macrophage progenitors in Gata2+/- mice12-14. Conversely, retroviral mediated 
overexpression of Gata2 results in enhanced self-renewal of the myeloid progenitors and a 
block in lymphoid differentiation15. Homozygous germline deletion of Gata2 in mice results 
in embryonic lethality at E10, just before the generation of the first HSCs16. 

Zebrafish is an ideal in vivo model to study the function of GATA2 in hematopoiesis. 
Embryonic hematopoietic development in zebrafish is conserved with that of other 
vertebrates, including mammals. Like in mice, the first HSCs are generated in the dorsal 
aorta from hemogenic endothelial (HE) cells and are subsequently amplified in the fetal liver 
equivalent, the caudal hematopoietic tissue (CHT)17-22. The HSCs then populate the kidney 
marrow which is the site of adult hematopoiesis in zebrafish. In this organ all hematopoietic 
lineages are present23 and hematopoietic cells morphologically resemble the corresponding 
human cells. 

Zebrafish have two orthologues of GATA2; i.e., Gata2a and Gata2b. Previous studies have 
shown that gata2b is prominently expressed in HSPCs, whereas gata2a is mainly expressed 
in the vasculature, including the HE regulated by the conserved +9.5 enhancer previously 
identified in mice24,25. Knockdown of gata2b severely reduces definitive hematopoiesis 
during embryonic stages. Lineage tracing revealed that all definitive hematopoietic cells are 
derived from gata2b expressing cells24, indicating that Gata2b is the predominant GATA2 
orthologue required for the maintenance of hematopoietic stem cells. 

In the present study, we show that Gata2b is not required for HE specification but regulates 
embryonic definitive HSPC expansion in the CHT. This allowed us to investigate the function 
of Gata2b in adult hematopoiesis and here, we demonstrate that Gata2b is necessary for 
balanced myeloid and lymphoid output during adulthood. Single cell transcriptome analysis 
revealed that Gata2b deficient HSPCs initiate an impaired myeloid gene expression program. 
As a result differentiation is not halted, but diverges into a lymphoid program, indicated by 
co-expression of lymphoid and myeloid genes within single HSPCs. 
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MATERIALS AND METHODS

Generation of gata2b mutant zebrafish
gata2b mutant zebrafish were generated using CRISPR/Cas9 targeting of exon 3. sgRNAs 
were designed using CHOPCHOP software and prepared according to Gagnon et al.26 with 
minor adjustments. 

qRT-PCR analysis 
Total RNA was isolated from 6 pooled zebrafish embryos per sample genotype (n=6) using 
TRIzol Reagent (Life Technologies) and cDNA was synthesized using SuperScript III Reverse 
Transcriptase kit (Invitrogen). gata2a (FWD primer: 5’-CAAACTCCACAACGTCAACAG-3’, 
REV primer: 5’-CCCTCACCAGATCGTTTACTC-3’) and gata2b (FWD primer: 
5’-TACACAATGTGAATCGCCCA-3’, REV primer: 5’-GAAGGAGGATGGTTTGTCGT-3’) expression 
levels were normalized to elfa (FWD primer: 5’-CCGCTAGCATTACCCTCC-3’, REV primer: 
5’-CTTCTCAGGCTGACTGTG-3’) expression . 

In situ hybridization (ISH) and analysis
0.003% 1-phenyl-2-thiourea (PTU) treated embryos were fixed O/N with 4% PFA in PBS 
containing 3% sucrose at appropriate stages and subsequently transferred to MeOH. KM 
smears were fixed in MeOH. ISH on embryos has been performed as previously described27. 
The cmyb and runx1 probes were a kind gift from Roger Patient and quantified as described 
previously28. ISH on KM smears was performed as follows; DIG-11-UTP labelled s100a10b 
probe was incubated o/n at 68°C. Slides were blocked at RT in MABT (NaCl, Maleic Acid, 1% 
Tween 20)2% BSA and Sheep Serum for minimum 3 h and αDIG antibody was incubated o/n 
at 4°C. Staining was developed in Tris pH 9.5, MgCl2, NaCl, Tween 20 with 5% PVA, NBT/BCIP 
at RT for two days. Cells were counterstained with Nuclear Fast Red (Sigma Aldrich) and 
imaged using a Leica microscope (63x magnification).

s100a10b probe synthesis
s100a10b  was amplified from cDNA of adult kidney marrow (FWD primer: 5’-GAG AGC AAT 
GGA GAC CCT GA-3’, REV primer: 5’-ACT TCT TGG CTG CTG CTT TC-3’) and cloned into pCRII-
TOPO. Plasmid was linearized with HindIII and antisense probe transcribed with the DIG 
labelling kit (Sigma-Alderich). Sense probe was used as negative control.

Transgenic lines, confocal imaging and adult KM FACS analysis
Embryos were anesthetized using tricaine (3-amino benzoic acidethylester) 160mg/L and 
selected for reporter expression. Tg(fli:eGFP)29 and Tg(CD41:GFP)30;Tg(flt1:RFP)31 embryos 
were imaged in 0.25% agarose with tricaine and imaged using a Leica SP5 confocal microscope 
pre-warmed at 28°C. Tg(mpeg1.1:GFP)32, Tg(mpx:GFP)33, Tg(lck:GFP)34 embryos were placed 

in a 96 well plate (ZFplate, Hashimoto Electronic Industry Co. Ltd, Japan) and imaged 
using a spinning disk confocal high-throughput microscope system (Opera Phenix, Perkin 
Elmer) equipped with a dry 10x objective (NA 0.3). B-cell populations were analysed using 
Tg(IgM:GFP)35 zebrafish. Adult zebrafish were euthanized, KM was isolated and dissociated 
by pipetting in PBS/10% FCS. 7-AAD (7-amino-actinomycin D) 0.5mg/L (BDbiosciences)or 
DAPI 1mg/L were used for live/dead discrimination. For embryonic proliferation assay; 25 
embryos per genotype were pooled in pre-warmed PBS/10% FCS, single cell suspension 
was prepared by adding 1% from each collagenase (I, II and IV)(Sigma) and incubating for 
45 minutes at 37°C. Proliferation was assessed after 4% PFA fixation and α-Ki67 staining for 
both embryonic and adult stages. The analysis was performed using FACSAriaIII (BD).  

Single cell RNA sequencing
70.000 single viable cells were sorted from 2 pooled KM of female Tg(CD41:GFP) zebrafish 
and supplemented with 114-1607 CD41:GFPlow expressing cells. cDNA was prepared 
using the manufacturers protocol (10x Chromium V2) and sequenced on a Novaseq 6000 
instrument (Illumina). Two WT replicates and two gata2b-/- replicates were sequenced with 
the following read depth; WT1: 52384 reads per cell, WT2: 43876 reads per cell, gata2b 
KO1: 53836 reads per cell and gata2b KO2: 46761 reads per cell. Data was analyzed using the 
Seurat R package36 and detailed description is provided in the supplementary information. 

Statistics
All statistical analysis was carried out in GraphPad Prism 5 (GraphPad Software). Normally 
distributed data were analyzed using One-way ANOVA with Tukey multiple comparison test 
when comparing three sample sets or a t-test when comparing two sample sets. Data with 
non-normal distribution were analyzed using a non-parametric Kruskal-Wallis with Dunn 
correction test.
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RESULTS

Generation of a Gata2b deficient zebrafish line
To generate gata2b zebrafish mutants, we used CRISPR/Cas9 to target the third exon of the 
gata2b gene (Figure 1A). A 28 bp insertion was introduced, leading to a frameshift truncation 
from amino acid 185 (Figure 1B-D). qRT-PCR analysis of gata2b on pooled WT and gata2b-/- 

embryos at 30 hpf indicated that gata2b expression levels, a known transcriptional tartget 
of Gata2, was significantly reduced in mutant embryos (Figure S1A, B)25,37. Hereafter, we 
refer to this mutant as gata2b-/-. 

Gata2b is dispensable for the generation of hematopoietic stem cells from hemogenic 
endothelium
The first HSCs transdifferentiate from specialized hemogenic endothelial cells in the 
aorta-gonad-mesonephros (AGM) region, through a highly conserved process, known as 
endothelial-to-hematopoietic transition (EHT)18,19,38-40. In mice, Gata2 is expressed in the 
endothelium, including the hemogenic endothelium (HE) of the dorsal aorta8, and deletion 
of Gata2 results in a reduction in HSC generation7,8. cmyb and runx1 are two bona fide 
marker genes for HE at 26 hours post fertilization (hpf) in zebrafish18,41. We quantified 
cmyb and runx1 expression by measuring pixel intensity of the in situ hybridization staining 
compared to background28. Expression of cmyb (Figure 1E, F) and runx1 (Figure 1G, H) was 
indistinguishable between WT and Gata2b deficient embryos at 26 hpf, indicating that 
specification of hemogenic endothelium occurs normally in the absence of Gata2b. 

Next, we examined the ability of HE to undergo EHT using Tg(fli1a:GFP) reporter embryos, 
in which GFP marks all endothelial cells, including HE29. Consistent with our initial results, 
EHT events were not significantly reduced in gata2b-/- embryos compared to WT (p = 0.077, 
n= 18 WT and 18 gata2b-/- embryos, Figure 1I, J and Table S1). We conclude that neither HE 
specification, nor HSPC generation through EHT are impaired in gata2b-/- embryos. 

Gata2a is required for HE specification
GATA2 is required for the generation of HSCs in mouse7,16, but Gata2b deficient zebrafish 
have intact HE and EHT (Figure 1E-J). High maternal expression of gata2b has been reported 
previously24, and therefore residual Gata2b protein levels could possibly rescue EHT. 
However, maternal zygotic gata2b-/- zebrafish, that do not contain functional maternally 
provided gata2b mRNA, are viable and survive to mendelian ratios (Figure S1C, D), indicating 
that maternal expression of gata2b does not contribute to embryonic hematopoiesis. By 
contrast, gata2a is expressed in hemogenic endothelium and regulates runx1 expression in 
HE25. Thus, we analysed runx1 expression in gata2a mutants (gata2ai4/i4, lacking a conserved 
endothelial enhancer)25. runx1 expression at 26 hpf was reduced in gata2ai4/i4 embryos 
compared to WT embryos (Figure 1K, L). This confirmed that endothelial expression of 

gata2a, but not gata2b, is required for the specification of hemogenic endothelium and that 
the different functions of mammalian GATA2 are separated between Gata2a and Gata2b in 
zebrafish. 
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Figure 1. Newly generated Gata2b mutant does not show defects in HSPC generation. 
A) Schematic representation of the CRISPR strategy targeting exon 3 of gata2b and the 28 nt integration in gata2b 
mutants. B) Alignment of sequencing data of WT gata2b exon 3, where the location of the guide is indicated in the 
blue arrow on top of the sequence and sequencing data from gata2b-/- DNA showing a 28 nucleotide integration. 
C) Gel picture showing genotyping PCR of founder 3 and the F1 with a 28 bp integration in embryo 7 and 8. D) 
Gata2b mutation leading to a STOP codon abrogating the protein before the DNA and protein binding znic fingers. 
E) Representative image of cmyb expression in WT and gata2b-/- embryos at 26 hpf. F) Quantitation of cmyb signal 
intensity relative to background in WT and gata2b-/- embryos at 26 hpf. G) Representative image of runx1 expression 
in WT and gata2b-/- embryos at 26 hpf. H) Quantitation of runx1 signal intensity relative to background in WT and 
gata2b-/- embryos at 26 hpf. I) Example of EHT event from WT Tg(fli1a:eGFP) transgenic zebrafish. Time indicated 
at the bottom right corner in minutes. Scale bar represents 10 µm. Arrow indicates endothelial cell undergoing 
hematopoietic transition. J) Quantitation of EHT events between 32-40 hpf in WT, gata2b+/- and gata2b-/- embryos. 
K) Representative example of runx1 expression in WT and gata2i4/i4 embryos at 26 hpf in the AGM region. L) 
Quantitation of signal intensity relative to background cells in WT and gata2ai4/i4 embryos at 26 hpf, where each 
dot represents one embryo (41.4 ± 4.8  and 23.5 ± 2.0, n = 13 WT and n = 21 gata2ai4/i4). *** = p < 0.001, error bars 
represent SEM. Bp = basepair, EHT = endothelial to hematopoietic transition, DA = dorsal aorta, PVC = posterior 
cardinal vein, sp = somite pair, hpf = hours port fertilization. Error bars represent standard error of mean (SEM). 
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Gata2b is required for the expansion of definitive HSPCs during the CHT amplification 
phase
The CHT is temporally and spatially analogous to mouse fetal liver where HSPCs undergo 
amplification22. We investigated whether the loss of Gata2b affects the number of definitive 
HSPCs in the CHT between 2 and 3 days post fertilization (dpf). From 44 hpf onward, 
definitive HSPCs are marked by co-expression of the Tg(CD41:GFP)30 marker and the arterial 
Tg(flt:RFP)31 marker as definitive HSPCs are derived from arteries42. CD41:GFP+Flt:RFP+ cell 
numbers were similar in WT and gata2b-/- embryos at 52-54 hpf (Figure 2A, B and Table S1) 
and 56-58 hpf (Figure 2C and Table S1). However, at 76 hpf, CD41:GFP+Flt:RFP+ cells were 
significantly reduced in the CHT in gata2b-/- embryos compared to WT (Figure 2D and Table 
S1). 

The number of definitive HSPCs expands rapidly from 52 hpf to 76 hpf in WT embryos 
(6.5 fold); in gata2b-/- embryos that expansion was reduced (3.1 fold). To support our findings 
we investigated the expression of cmyb, which is a marker for proliferating HSPCs from 30 
hpf43,44. A significant reduction in cmyb expression was detectable from 33 hpf onward in 
the AGM and CHT regions of gata2b-/- embryos compared to WT (Figure 2E-H and Table S1). 
This analysis detected a reduction in cmyb expression levels rather then quantifying HSPC 
numbers. However, because the number of CD41:GFP+Flt:RFP+ cells was not affected at 33 
hpf, but cmyb expression was already reduced at 33 hpf, this suggests that proliferation of 
definitive HSPCs is affected, resulting in a reduction of definitive HSPCs at 76 hpf (Figure 2D). 
To test this, proliferation was assessed by flow cytometry of CD41:GFP+ cells at 75 hpf in WT 
and gata2b-/- embryos. This analysis shows that Gata2b deficient CD41:GFP+ cells have an 
increased proportion of cells in the G0 phase of cell cycle explaining the reduction of HSPCs 
at 3 dpf (Figure 2I-K). At 5 dpf the difference in proliferation is no longer detectable although 
HSPC numbers are still reduced (Figure 2I and data not shown).

Single cell RNAseq identifies a lymphoid bias at the expense of myeloid lineage output 
in gata2b-/- kidney marrow
Because the functions of GATA2 are separated between Gata2a and Gata2b in zebrafish and 
Gata2b deficient zebrafish are viable, we can uniquely assess the function of Gata2b in adult 
hematopoiesis. To investigate the hematopoietic lineages in an unbiased manner and to 
assess the impact of Gata2b deficiency on the transcriptional profile of hematopoietic 
progenitors and differentiated cells, the progenitor population including lymphocytes from 
kidney marrow (KM) were isolated and processed for single-cell RNA sequencing (scRNA-
seq)(Figure S2A and B). To enrich the scarce HSC population we used pooled KM from two 
WT and gata2b-/- Tg(CD41:GFP) zebrafish per sample and included all CD41:GFPlow expressing 
cells present in the kidney marrow pool as these cells were shown to contain transplantable 
HSCs30 (Figure S2A and C). This resulted in a mild enrichment of phenotypic HSCs from 0.21-
0.5% to 0.46 – 2.73% of CD41:GFPlow cells within the total progenitor population.  
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Figure 2. HSPC numbers are reduced in the CHT after 3 dpf in gata2b-/- embryos. 
A) Example of Tg(CD41:GFP); Tg(Flt:RFP) expression in the CHT of WT and gata2b-/- embryos at 76 hpf. B-D) 
Quantitation of GFP+RFP+ cells in WT, gata2b+/- and gata2b-/- embryos at different time points where each dot 
represents one embryo. B) 52-54 hpf (8.50 ± 1.7 vs 11.86 ± 1.0),  C) 56-58 hpf (25.19 ± 3.2 vs 23.25 ± 2.9), and 
D) 76-78 hpf (55.46 ± 3.8 vs 36.50 ± 3.0; P < 0.001). E) Representative example of cmyb expression in WT and 
gata2b-/- embryos at 33 hpf and F) Quantitation of signal intensity relative to background at 33 hpf where each 
dot represents one embryo. G) Representative example of cmyb expression in WT and gata2b-/- embryos at 56 hpf 
and H) Quantitation of signal intensity relative to background at 56 hpf where each dot represents one embryo. I) 
Quantitation of CD41:GFP+ cell percentages by flow cytometry at 3 dpf, 5 dpf and 20 dpf. J) Cell cycle analysis by 
flow cytometry of Ki67 and DAPI staining of CD41:GFP+ cells in WT and gata2b-/- embryos at 75 hpf. K) Bar graph 
representing the quantitation of cell cycle of CD41:GFP+ cells in WT and gata2b-/- embryos at 75 hpf. Bars represent 
mean ± SEM with each dot indicating one pooled sample.  hpf = hours post fertilization, dpf = days post fertilization, 
CHT = caudal hematopoietic tissue. * = p < 0.05, ** = p < 0.01. Error bars represent SEM.

We identified 20 different cell clusters were identified using the nearest neighbor algorithm 
in the R Seurat package36 (Figure 3A and S2G). Most progenitors that were sequenced 
expressed previously characterized differentiation markers45-49 (Figure 3B-E and S2H). We 
identified 2 HSPC populations. These clusters are characterized by the robust expression 
of HSC genes, like fli1a and meis1b48-50 (Figure 3F,G), gata2b (Figure 3H), concomitant 
with intermediate levels of GFP derived from the CD41:GFP transgene (Figure 3I), and 
low expression of differentiation markers (Figure 3B-E and S2H). Compared to HSPC2, 
HSPC1 exhibited a lower expression of metabolic and proliferation markers like pcna and 
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myca, suggesting that HSPC1 is more quiescent than HSPC2 (Figure 3J). Therefore, lineage 
trajectory analysis was started from this cluster identifying separate lineage differentiation 
trajectories for the erythroid-, myeloid- and lymphoid lineage (Figure 3K, L, N-Q).

Proportion analysis regarding the distribution of WT and Gata2b deficient cells between 
the lymphoid and myeloid lineages indicated a bias towards the lymphoid lineage in 
gata2b-/- cells at the expense of the myeloid lineage compared to WT (Figure 3A, K-M and 
S2I and Table S2). The largest differences were observed in 3 clusters expressing high levels 
of granulin 1 (grn1)(Figure 3B) indicating that these clusters contains myeloid progenitors 
and were overrepresented by WT cells (Figure 3A, K, M and S2I). We defined these 3 
clusters expressing myeloid specific genes with slight differences in their expression pattern 
as myeloid progenitors-1, -2 and -3 (Figure 3A and S2H).The grn1 expressing cluster also 
showed high expression of s100a10b, a potential new marker for these cells (Figure S3A). 
Expression analysis on KM smears showed that s100a10b is expressed in the neutrophil 
lineage (Figure S3B). The B-cell clusters were overrepresented by gata2b-/- cells and showed 
very high expression of immunoglobulin heavy variable 1-4 (ighv1-4)(Figure S2H), CD37 
(Figure 3C) and pax5 (not shown), indicating that these were bona fide B-cell populations. 
Interestingly, we found a population of phagocytic B-cells previously identified in theleosts 
which express both mpeg1.1 and B cell markers51. Lineage trajectory analysis indicates that 
these cells decend from lymphoid progenitors (Figure 3C, K, L). When pseudotime analyses 
was performed for WT and gata2b-/-cells separately, the phagocytic B-cells did not only 
show a lineage differentiation trajectory from lymphoid progenitors, but also from the 
HSPC1 population, indicating a skewing in gata2b-/- HSPCs directly towards the lymphoid 
lineage (Figure S2J, K).

Figure 3. Single cell analysis reveals that gata2b-/- kidney marrow cells are overrepresented in lymphoid lineage 
clusters and reduced in erythroid and myeloid lineage clusters compared to WT.
 A) Split UMAP of WT and gata2b-/- cells with cluster indication of enriched (arrow up) or reduced (arrow down) 
cell clusters in gata2b-/- cells. B-E) Pooled WT and gata2b-/- UMAP feature analysis with gradual gene expression in 
shades of blue.  Expression pattern of B) granulin1 (grn1), C) cluster of differentiation 37 (CD37), D) hemoglobin, 
beta adult (hbba1), E) GATA binding protein 2b (gata2b). F-I) Violin plots representing the expression levels of 
genes within the different clusters and each dot represents expression in one cell. F) fli-1 proto-oncogene (fli1a), 
G) meis homeobox 1b (meis1b), H) GATA binding protein 2b (gata2b), I) green fluorescent protein (GFP), indicating 
CD41:GFPlow cells. J) Volcano plot comparing HSPC1 vs HSPC2. At the left of the Y axis there are genes in HSPC1 with 
an average logarithmic fold change less than -0.25 and to the right are genes with a logarithmic fold change higher 
than 0.25 compared to HSPC2. K) Lineage differentiation trajectory depicted on UMAP with WT cells in blue and 
gata2b-/- cells in pink. L) Pseudotime analysis assuming HSPC1 as a starting point. M) quantitation of proportions 
of distribution between WT and gata2b-/- cells in the different clusters. Significant differences are indicated in pink. 
N-Q) pseudotime analysis of gene expression in lineage trajectory analysis of N) gata2b, O) cluster of differentiation 
37 (CD37), P) granulin1 (grn1) ans Q) hemoglobin, beta adult (hbba1). UMAP; uniform manifold approximation 
projection.  
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Lack of Gata2b leads to reduced neutrophil numbers and increased lymphoid 
progenitors in adult kidney marrow
Because scRNA-seq analysis showed a major switch in lineage differentiation, we asked 
whether hematopoietic differentiation was affected in the adult gata2b-/- KM using scatter 
profile-, transgenic marker- and morphological analysis30,32,33,52. While gata2b-/- embryos did 
not show signs of altered lineage differentiation up to 5 dpf (Figure S4A-F), scatter profiles 
of adult gata2b-/- zebrafish KM showed a significant reduction in the myeloid population 
(Figure 4A, B and Table 1) and a relative increase in the scatter population containing 
HSPCs and lymphoid cells at 4 months post fertilization (mpf) and onward (Figure 4A, C and 
Table 1). This skewing in the population frequencies persisted with age (Figure 4B, C). To 
further address how the myeloid lineage was affected by the loss of Gata2b, Tg(mpx:GFP) 
expression, specifically marking neutrophils33,53 and Tg(mpeg1.1:GFP), marking monocytes 
and phagocytic B-cells32,54 was assessed. No significant difference was observed in mpeg:GFP+ 

cells between WT and gata2b-/- KM (Figure S4O-Q). gata2b-/- zebrafish showed a severe 
reduction in mpx:GFP+ neutrophils in the kidney marrow at 4 mpf (Figure 4D-F and Table 1). 
Sorted mpx:GFP+ cells from these zebrafish showed that the remaining gata2b-/- mpx:GFP+ 
cells did not reach WT levels of GFP, had a more immature neutrophil morphology and a 
block at the promyelocyte stage (Figure 4G, H and S3E), indicating that Gata2b is required 
for terminal neutrophil differentiation. This could be a result of the reduction in myeloid 
progenitors in the single cell data (Figure 3A and M). 

Because GATA2 is also required for HSC maintenance in mice7,12,13, we asked whether 
Gata2b deficiency resulted in a block in HSPC differentiation and thus an accumulation of 
HSPCs. In zebrafish, CD41:GFPlow expression marks the HSPC population most stringently30. 
Although CD41:GFP+ cell numbers and percentages were reduced during embryonic 
development (Figure 2D, I), at 20 dpf these percentages normalize resulting in comparable 
numbers of CD41:GFPlow cells during adulthood (Figure 2I and 4I-K) indicating that the 
accumulation of the population containing lymphoid cells and HSPCs in gata2b-/- KM is not 
due to a differentiation block in HSPCs, but due to an increase in lymphoid cells. 

Tg(IgM:GFP), marking B-cells35 and Tg(lck:GFP), marking T-cells34 were used to asses 
lymphoid differentiation. We did not find an increase in the lck:GFP+ population (Figure 
S4M, N and Table 1). However, in Tg(IgM:GFP) zebrafish we identified several populations 
of IgM:GFP+ cells with a significant increase in immature IgM:GFP+ cells (IgM:GFP3 
fraction)(Figure 4L, N and S4G-M). We could classify the different IgM:GFP+ populations as 
lymphoblastic cells, lymphocytes, plasmacells and phagocytic B-cells51,55(Figure 4O-S). In 
particular phagocytic B-cells were increased in gata2b-/- KM compared to WT, but mature 
plasmacells were significantly reduced (Figure 4S, P<0.01 and P<0.001). Although the majority 
of the cells in the lymphoid and HSPC population was not marked by known lymphoid lineage 
markers IgM:GFP or lck:GFP, we could still detect a significant increase in immature B-cells, 
confirming the increase in lymphoid output in KM in gata2b-/- zebrafish compared to WT.

Gene expression analysis reveals different HSPC populations in zebrafish
Next, we explored the molecular origin of the increase in lymphoid lineage output observed 
in Gata2b deficient zebrafish. Previous studies show that blocked neutrophil differentiation 
results in a shift towards monocytic lineage differentiation56. Our data shows indeed an 
increase in monocyte progenitors and monocytes (Figure 3M). However, we also detect a shift 
towards the lymphoid lineage, indicating that Gata2b is required for lineage programming in 
more immature progenitors. First, we tested if the lymphoid lineage bias was detectable in 
the HSPC clusters we identified as HSPC1 and HSPC2 (Figure 3A).		

HSPC1 makes up 18 percent of the total analyzed kidney marrow population. Because 
HSCs are a rare population of cells based on transplantation studies, we hypothesized that 
HSPC1 also contains other progenitor cells. We subclustered HSPC1 to subdivide these 
progenitors (Figure 5A,B). In this way, clustering is not based on gene expression differences 
found in comparison to more committed cells, but only based on gene expression differences 
within the HSPC1 population. Eight subclusters were identified based on differential gene 
expression analysis (Figure S5A). These subclusters were classified as a quiescent subcluster 
with very low gene expression, an HSC subcluster with expression of meis1b and fli1a, three 
myeloid subclusters, one lymphoid subcluster, a proliferative subcluster and an undefined 
subcluster (Figure 5B, E, F and S5A). Interestingly, proportion analysis of WT and gata2b-/- 
cells showed that Gata2b deficient cells almost entirely lost the quiescent subcluster and 
gained a proliferative subcluster, and myeloid subcluster 3 (Figure 5C, D). A differential 
expression analysis of the whole HSPC1 cluster revealed a downregulation of myeloid 
genes like s100a10b, grn1, csf3b and cepba in gata2b-/- HSPC1 (Figure 5G) but not a clear 
upregulation of lymphoid genes. When the same comparison was done in HSPC2 cells 
(Figure S6A, B), we detected a larger reduction in the myeloid gene expression program in 
the entire HSPC2 cluster (Figure S6C, D) and found that gata2b-/- cells expressed higher levels 
of lymphoid genes like ikzf1, fcer1gl, ighv1-4, ccr9a and xbp1 (Figure S6E-J). Psuedotime 
analysis showed the differentiation trajectories within the HSPC1 cluster when started from 
the quiescent subcluster, containing most CD41:GFP expressing cells (Figure 3E, F and H, I). 
When inferring gene expression in psuedotime analysis of HSPC1, we found that gata2b and 
meis1 expression are highest in the quiescent population and decrease during differentiation 
(Figure 5J-L). Interestingly, gata2a expression does not overlap with gata2b indicating that 
gata2a does not compensate for the loss of gata2b in Gata2b deficient HSPCs (Figure 5K, 
M). As HSPCs become more mature, they first upregulate proliferation markers like pcna 
and mki67 both highly expressed in the gata2b-/- unique subcluster (Figure 5N, O). Assessing 
proliferation by flow cytometry of CD41:GFPlow cells in WT and gata2b-/- KM, we found that 
gata2b-/- CD41:GFPlow cells have increased numbers of cells in S phase, indicating that gata2b-/- 
zebrafish HSPCs are more proliferative (Figure 5P-R). Together these data show that the 
absence of Gata2b leads to transcriptional changes in the HSPC compartment concomitant 
with a shift in lineage output from the myeloid lineage towards the lymphoid lineage.
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Figure 4. Gata2b deficiency results in decreased myeloid differentiation in adult zebrafish kidney marrow.
A) Gating strategy of FACS analysis of whole kidney marrow of WT and gata2b-/- zebrafish. Percentages represent 
the average of all zebrafish analyzed per genotype. B-C) Quantitation as percentages of single viable cells over 
time of B) myeloid and C) lymphoid and HSPC populations. D) Representative example of Tg(mpx:GFP) expression 
in WT and gata2b-/- zebrafish kidney marrow by fluorescence microscopy. E) Forward and side scatter profile of 
Tg(mpx:GFP) expression in WT and gata2b-/- zebrafish kidney marrow in green. F) Quantitation of Tg(mpx:GFP)+ 
cells expressed as percentage in single viable cells. Each dot represents kidney marrow analysis of one zebrafish. 
G) Representative figure of sorted Tg(mpx:GFP)+ cells from WT and gata2b-/- zebrafish kidney marrow after MGG 
staining. H) Quantification of Tg(mpx:GFP)+ cells from WT and gata2b-/- zebrafish kidney marrow based on the 
differentiation phenotype using MGG staining. I) Gating strategy for CD41:GFPlow expressing cells in total kidney 
marrow in green. J) Forward- and side-scatter plot of WT and gata2b-/-  kidney marrow cells and CD41:GFPlow 
expressing cells in green. K) Quantification of the frequency of CD41:GFPlow cells in single live cells of total kidney 
marrow. Each dot represents kidney marrow analysis of one zebrafish. L) FSC/GFP scatter profile of Tg(IgM:GFP) 
WT KM. M) Quantitation of Gating 1 of Tg(IgM:GFP) WT and gata2b-/- KM as percentage of single viable cells. 
Each dot represents kidney marrow analysis of one zebrafish. N) Quantitation of Gating 3 of Tg(IgM:GFP) WT and 
gata2b-/- KM as percentage of single viable cells. Each dot represents kidney marrow analysis of one zebrafish.  O-R) 
representative image of sorted IgM:GFP+ cells indicating O) lymphoplastic cell, P) lymphocyte, Q) phagocytic B cell 
and R) plasmacell. S) quantitation of sorted IgM:GFP+ cells per genotype. SSC = side scatter, FSC = forward scatter, 
KM = kidney marrow.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. Error bars represent SEM. 

Differential gene expression analysis reveals decreased myeloid marker expression in 
gata2b-/- HSPCs and aberrant co-expression of myeloid and lymphoid genes.
Overall, the expression of myeloid genes in gata2b-/- HSPC1 is reduced, but the percentage 
of gata2b-/- HSPC1s with detectable expression of myeloid genes such as grn1 was increased 
(Figure 5G and 6A). This apparent contradiction was clarified by an overall transcript 
upregulation (Figure 6A, actinb1 expression), indicative of a loss of quiescence. It is known 
that HSPCs can co-express myeloid and lymphoid genes before lineage decision57,58. While 
WT cells had a clear dichotomy in expression of myeloid and lymphoid genes, gata2b-/- 
HSPCs had a higher fraction of cells co-expressing lymphoid and myeloid genes (Figure 6B-
E). For example, increased co-expression of a phagocytic B-cell marker, igic1s1, could be 
detected in gata2b-/- HSPC1 cells together with the myeloid marker cebpb (Figure 6B). This 
result suggests that the loss of Gata2b does not halt HSPC differentiation but re-directs 
this towards another lineage.  Interestingly, when we infer psuedotime analysis of only WT 
and only gata2b-/- cells, this is exactly as we find. In gata2b-/- cells, phagocytic B cells can be 
formed from both lymphoid progenitors, as well as HSPC1 cells as opposed to WT phagocytic 
B cells (Figure S2J, K). Based on this data we conclude that the lymphoid bias in gata2b-/- 

zebrafish kidney marrow initiated in the most immature HSPC population. This is due to a 
failure to elicit proper expression of the myeloid differentiation program and concomitant 
upregulation of the lymphoid program, that redirects HSPCs towards a lymphoid fate.  
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Figure 5. Subclustering of HSPC1 demonstrates the loss of a gata2b expressing quiescent subcluster and the 
appearance of a proliferative subcluster.
A) Cluster selection for subclustering. B) Reclustering of the HSPC1 population split between WT and gata2b-/-cells. 
C) Genotype distribution of each of the clusters with WT cells in white and gata2b-/-cells in black. D) quantitation 
of proportions of distribution between WT and gata2b-/- cells in the different clusters. Significant differences are 
indicated in pink.  E-F) WT and gata2b-/- feature analysis with gradual gene expression in shades of blue within 
HSPC1 cells of D) gata2b E) mki67. G) Volcano plot comparing HSPC1 gata2b-/- vs WT. At the left of the Y axis 
gene expression in gata2b-/- HSPC1s with an average logarithmic fold change less than -0.25 and to the right gene 
expression with a logarithmic fold change higher than 0.25 compared to WT HSPC1s. Each dot represents a gene. H) 
Lineage differentiation trajectory depicted on UMAP with WT cells in blue and gata2b-/- cells in pink. I) Pseudotime 
analysis assuming the quiescent population as starting point. J-O) gene expression analysis on pseudotime analysis 
with J) meis1b, K) gata2b L) GFP, M) gata2a, N) pcna, O) ki67. P) WT and gata2b-/- feature analysis with gradual gene 
expression of GFP in shades of blue within HSPC1 cells. Dotted circles indicate the quiescent and HSC subcluster. 
Q) Cell cycle analysis by flow cytometry of Ki67 and DAPI staining of CD41:GFPlow cells in adult WT and gata2b-/- 

KM cells. R) Bar graph representing the quantitation of cell cycle of CD41:GFPlow cells in adult WT and gata2b-/- 

KM cells. Bars represent mean ± SEM, each dot indicates analysis from one zebrafish. UMAP; uniform manifold 
approximation projection.
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Figure 6. Gata2b deficient HSPC1 show co-expression of myeloid and lymphoid gene expression programs
A) Bar graph representing the percentage of WT HSPC1 cells in white and gata2b-/- HSPC1 cells in grey with at 
least one read of s100a10b, grn1, colony stimulating factor 3b (csf3bs), CCAAT enhancer binding protein alpha 
(cebpa), lysozyme (lyz) or actin beta1 (actb1), indicating more cells with detectable myeloid gene expression in 
Gata2b deficient HSPC1s. B) Co-expression analysis of the lymphoid gene igic1s1 with the myeloid gene cebpb 
and C) the lymphoid gene IKAROS Family Zinc Finger 1 (ikzf1) with the myeloid gene s100a10b. Values represent 
percentages of WT and gata2b-/- HSPC1 cells co-expressing myeloid and lymphoid genes (within the dashed box). D) 
WT and gata2b-/- feature analysis representing co-expression analysis of the lymphoid gene Immunoglobulin heavy 
variable 1-4 (ighv1-4) with the myeloid gene grn1 and E) the phagocytic B cell marker immunoglobulin light iota 
constant 1-s1 (igic1s1) with the myeloid gene s100a10b with myeloid genes in blue and lymphoid genes in green. 
Co-expression of the myeloid and lymphoid genes is represented in turquoise indicated by red arrows in the WT 
and gata2b-/-  feature analysis. Coloring threshold set in quantiles, min.cutoff= q10, max.cutoff= q90.

DISCUSSION

In this study, we showed that the function of mammalian GATA2 in zebrafish is split between 
Gata2a and Gata2b. Gata2a is required for HE specification upstream of Gata2b. Gata2b is 
not vital for embryonic generation of HSPCs, but supports their expansion in the caudal 
hematopoietic tissue. However, during adulthood, Gata2b is required for the quiescent 
HSPC population and in its absence HSPCs are more proliferative. In addition, Gata2b 
deficient kidney marrow from adult zebrafish showed a lymphoid bias at the expense of 
the myeloid lineage based on scatter profiles and transgenic marker analyses. Single cell 
transcriptome analysis showed that the stem and progenitor cells were the origin of the 
increased lymphoid lineage output in gata2b-/- kidney marrow cells, due to a failure to 
increase myeloid gene expression to sufficient levels and a subsequent co-expression of both 
myeloid and lymphoid genes in gata2b-/- HSPCs. These data establish that Gata2b is vital for 
maintaining the myeloid differentiation program while restricting lymphoid differentiation. 

The molecular mechanism controlling lineage commitment has long been thought to 
be regulated by stochastic variations in the levels of transcription factors, and progenitors 
are committed to a lineage choice59. However, later reports suggested that some 
transcription factors have a reinforcing activity for terminal differentiation and propose 
that microenvironmental or upstream regulators are decisive for lineage commitment60. 
This would suggest that when these reinforcing factors are removed, cells can redirect 
their lineage. Our results are consistent with Gata2b being required for stemness of HSCs. 
Single cell transcriptome analysis showed a unique cluster of Gata2b deficient cells with 
upregulation of genes related to proliferation, suggestive of a role for Gata2b in cell cycle 
adaptation. The quiescent subcluster was almost entirely lost and the the CD41:GFPlow 
population showed increased proliferation. Loss of quiescence in HSPCs then increases the 
expression of commitment genes resulting in cells co-expressing lymphoid and myeloid 
lineage markers as detected in gata2b-/- HSPCs and Gata2b is therefore an essential cell-
intrinsic regulator of lineage output in HSPCs. 

In mouse, GATA2 is also required for the maintenance of HSCs after they are generated7. 
During embryonic hematopoiesis the number and percentage of HSPCs is reduced due 
to reduced proliferation, but during adult stages Gata2b deficient HSCs as marked by 
CD41:GFPlow expression are not reduced and proliferation is increased, probably responsible 
for the normalization in HSC numbers (Figure 4I-K and 5Q,R). We do not find upregulation of 
gata2a in these cells as a rescue mechanism (Figure 5M). Single cell transcriptome analysis 
identifies several HSPC populations with unique transcriptional signatures. Interestingly, 
the CD41:GFPlow expressing cells were scattered among different HSPC populations. 
Transplantation data suggest that only a minority of these cells are bona fide HSCs30,61. 
Because zebrafish are outbred, limiting dilution transplantation studies result in a gross 
underestimation of actual HSC numbers. This indicates that further research could provide 
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us with a more stringent marker for HSCs in zebrafish. In Gata2b deficient HSPC1s, the 
quiescent HSPC population is absent (Figure 5B-D). This could represent the true quiescent 
HSC population. Interestingly, this does not affect survival of the zebrafish. 
Not all myeloid lineage differentiation was abrogated in Gata2b deficient zebrafish and few 
intact neutrophils remained present. Also, the monocyte progenitor and -cluster, marked 
by mpeg1.1 were present in Gata2b deficient KM. Previous studies found that if neutrophil 
development is blocked, myeloid differentiation progresses towards to monocytic lineage56. 
Besides an increase in monocytic progenitors, we also detect a redirection of lineage 
differentiation at a much earlier state leading to increases in B-cell populations (Figure 
3M, S2J, K). This indicates that in Gata2b deficient HSPCs, a reprogramming occurs both 
in immature cells to delineate lineage differentiation towards the lymphoid lineage, but 
also in the myeloid lineage to redirect the lineage to monocytes, again indicating separate 
functions for Gata2 in lineage differentiation. Interestingly, the number and percentage 
of plasmacells was reduced (Figure 4S). Together with the severe neutropenia, this is 
very similar to patients sufferening from MonoMAC syndrome, which is characterized by 
neutropenia, monocytopenia, DC- and B-cell lymphopenia62-64. These syndromes are caused 
by haploinsufficiency of the GATA2 transcription factor. Despite the severe neutropenia, no 
infections were observed in Gata2b deficient zebrafish probably due to the SPF conditions 
of the animal facility.

In conclusion, we find that Gata2b is required for proliferation of the HSPC pool in the CHT 
and is vital for myeloid lineage differentiation in the adult, both in the HSPC compartment 
and for terminal differentiation. Loss of Gata2b consequently induces a differentiation 
diversion towards the lymphoid lineage. 
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WT gata2b-/-

Scatter analysis in freq. of single viable cells N = 26 N = 23

Erythrocytes in KM (3 to 12 months) 25.4 ± 2.8 25.9 ± 3.0

Progenitors in KM (3 to 12 months) 26.8 ± 2.0 24.4 ± 1.9

Lymphocytes and HSCs in KM (3 to 12 months ) 18.1 ± 1.1 29.0 ± 1.9****

Myeloid cells in KM (3 to 12 months) 20.3 ± 1.4 10.3 ± 0.9****

Reporter expression in freq. of single viable cells

Tg(mpx:GFP)  (GFP+ in single live cells) 17.2 ± 3.0 (n=8) 5.1  ± 1.0 (n=7)**

Tg(mpeg:GFP)gl22Tg (GFP+ in single live cells) 3.5 ± 1.9 (n=4) 2.1 ± 0.7(n=6)

Tg(LCK:GFP)  (GFP+ in single live cells) 3.1 ± 0.8 (n =4) 3.4 ± 0.6 (n=4)

Tg(CD41 :GFP) (GFP low in single live cells) 0.4 ± 0.1 (n=9) 0.4 ± 0.1 (n=8)

Table 1. Adult hematopoietic cell quantitations 
The data are mean± SEM. KM; kidney marrow, n= number of zebrafish used in analysis. *P< 0.05, **P< 0.01, 
***P<0.001, ****P<0.0001. If data are normally distributed we used One-way ANOVA with Tukey post-test. If data 
are not normally distributed we used Kruskal-Wallis with Dunn’s post-test. 
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SUPPLEMENTARY METHODS

Single cell transcriptome analysis of the progenitor compartment of WT and gata2b-/- 

zebrafish allows for unbiased lineage investigation
Kidney marrow from two 5 mpf female Tg(CD41:GFP) WT or gata2b-/- zebrafish were pooled 
and sorted and experiment was performed in replicate (Figure S2A-C). In total 70.000 cells 
from the gate in panel B were sorted and between 214 and 1607 CD41:GFPlow cells were 
added to this pool in PBS/10%FSC/2%BSA/2% carp serum. This resulted in final CD41:GFPlow 
percentage of 0.45 – 2.73%. The sorting strategy also included the CD41:GFPhigh expressing 
cells which were previously identified as thrombocytes 30 (Figure S2C) so for every CD41:GFPlow 
cell, 1.9 CD41:GFPhigh cells were present in our final population. 7630 cells in WT1, 4033 in 
WT2, 3675 in gata2b-/- 1 and 5229 in gata2b-/- 2 were obtained after quality control (Figure 
S2D-F), with a read depth of approximately 50.000 reads per cell. Gross differences in cell 
numbers between WT and gata2b-/- cells may influence cluster identification when a nearest-
neighbor algorithm is used. Therefore, all replicates were randomly down-sampled to 3675 
to match each other. First the replicates were aligned using anchor based integration and 
then the WT and gata2b-/- samples were aligned using the same method to correctly identify 
the clusters, avoiding batch specific differences. We could identify 20 different cell clusters 
using the R Seurat package36(Figure S2G).  

Cluster identification
Using the FindMarkers function in Seurat, differentially expressed genes were identified 
compared to the other clusters. Subsequently the functions FeaturePlot and VlnPlot were 
used to analyze gene expression patterns between clusters to test validity and exclusivity of 
individual clusters. Finally, marker analysis was visualized using the DoHeatmap function. 
Importantly, known Gata2 target genes like cebpb (p = 0,0002) and alas2 (p = 4.77E-53) were 
found significantly downregulated in gata2b mutants.

Erythroid cells, thrombocytes, neutrophils, monocytes and their progenitors were 
identified by comparing our data to known single cell expression analysis and known lineage 
markers45,48-50,65. Canonical lineage differentiation markers are generally low expressing 
transcription factors and are poorly amplified by droplet based single cell sequencing 
methods, therefore we have presented the lineage differentiation using a combination of 
canonical lineage differentiation markers and high differentially expressed genes between 
clusters as identified by the FindMarkers function of Seurat and presented in a heatmap 
(Figure S2H). In short, cells of the erythroid lineage are known to express hemoglobins 
like hbba1. itga2b was used as a marker for thrombocytes in the form of Tg(CD41:GFP), 
mpeg1.1 for monocytes and lysozyme (lyz) for neutrophils (Figure S2H). Furthermore, the 
differentiated populations were devoid of expression of proliferation genes like myca and 
pcna, indeed suggesting that these are differentiated cells and not a progenitor compartment 

(Figure S2H). Interestingly, one population expressed markers like CCAAT enhancer binding 
protein alpha (cebpa) and granulin1 (grn1) (Figure 3B) which are expressed in the monocyte 
lineage. This population also showed very high expression levels of s100a10b (Figure S3A). 
In situ hybridization confirmed that macrophages expressed high levels of s100a10b (Figure 
S3A, B).

The sorting strategy for the kidney progenitor population also contains cells of 
the lymphoid lineage. A lymphoid progenitor population expressing rag1 was found. 
Furthermore, this population also expressed the rag1 homologue topoisomerase 2a (top2a) 
(Figure S2H), probably as an alternative mechanism in V(D)J recombination66, and high 
expression of proliferation markers myca and pcna suggestive of the lymphoid progenitors. 
T cells were marked by the expression of tox, il2rb and dusp2, NK cells were marked by nkl.3, 
nkl.4 and ccl33.3 and two distinct populations of B-cells were marked by expression of CD37, 
CD79a and pax5 (Figure S2H, Figure 3C). Interestingly, the second B-cell population showed 
high levels of the immunoglobulins ighv1-4 and ighz46,65 but did not express the proliferative 
marker pcna, indicating this is a more mature or activated population of B-cells (Figure S2H).  
Analysis of IgM:GFP transgenic zebrafish 35 showed indeed the presence of several B-cell 
populations (Figure 4L-S, Figure S4G-L).

One cluster was marked by high expression of pigrl3.5 which encodes a polymeric Ig 
receptor47. The pigrl3.5 expressing cells are in close association in the UMAP with the NK 
population suggesting this is a lymphoid population (Figure S2G, H). 

A small cluster with expression of epithelial cell adhesion molecule (epcam) was detected 
(Figure S2H). We hypothesize that this may be niche cells, but since this population is very 
small and our sorting strategy was not meant to obtain the niche cells, we have not further 
investigated this population. 

Proportional difference between WT and gata2b-/- cells in clusters is calculated using 
scProportionTest package (Figure 3M, 5D and S6D)67

HSPC identification
The most immature population would be an hematopoietic stem or progenitor cell (HSPC). 
These cell types are marked by little expression of lineage markers and expression of 
proliferation markers. In zebrafish  fli1a and meis1b are typical HSC markers48-50. The HSPC1 
and HSPC2 populations meet these criteria by expressing low levels of lineage markers 
(Figure 3B-D). These populations showed high expression levels of proliferation markers 
like myca, pcna and mki67 (Figure 3J, Figure S2H) and some cells with high levels of the 
stem cell markers fli1a and meis1b (Figure 3F, G). Putative HSC, represented by CD41:GFPlow 
sorted cells, are present in both the HSPC1 and HSPC2 clusters (Figure 3I). As expected, the 
GFP high expressing cells were thrombocytes. gata2b gene expression was enriched in the 
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HSPC1 cluster compared to the other clusters (Figure 3H), indicating that this population 
would be most affected by the loss of Gata2b. Also, highest expression of fli1a and meis1b 
were found in HSPC1 (Figure 3F, G) indicating that this cluster contains some HSCs.

Lineage trajectory analysis
After defining the clusters we performed trajectory and pseudotime analysis using Monocle 
3 on the integrated data set and HSPC1 cluster, both carrying Seurat embeddings68. Monocle 
3 uses an algorithm to learn the differentiation trajectory according to the gene expression 
of each cell. Once the trajectory graph was learned (Figure 3K and 5H), we used get_earliest_
principal_node function and chose the “root” to produce the pseudotime graph. For whole 
data set HSPC1 cluster was chosen as a starting point and for HSPC1 cluster quiescent 
subcluster was chosen to generate the pseudotime graphs (Figure 3L, 5I). We used plot_
genes_in_pseudotime function to identify the gene expression in pseudotime and found 
that gata2b expression is the highest in the most immature HSPCs and decreases with 
differentiation (Figure 3N). We also showed that when HSPC1 cluster is chosen as a starting 
point, the expression of lineage specific genes such as CD37, grn1 and hbba1 were increased 
in pseudotime (Figure 3O-Q) which shows that HSPC1 cluster is indeed the most immature 
cluster within the whole dataset. Similarly, in HSPC1 cluster, when quiescent subcluster 
was chosen as a starting point, we found that the expression of stem cell marker meis1b, 
also gata2b and CD41:GFP were decreased in pseudotime, confirming the differentiation 
trajectory for these cells (Figure 5J-L).     
      

Chapter 2

Table S1.									       

WT gata2b+/- gata2b-/-

EHT events

AGM (32 to 40hpf) 3.3 ± 0.4 (n=18) 2.9 ± 0.3	 (n=33) 2.2 ± 0.4 (n=18)

CD41:GFP+Flt1:RFP+ cells

CHT (52-54hpf)  8.5 ± 1.7  (n=8)  9.0 ± 1.5 (n=20) 11.9 ± 1.0 (n=7)

CHT (58-60hpf) 25.2 ± 3.2 (n=16) 28.7 ± 1.9 (n=28) 23.3 ± 2.9 (n=12)

CHT (76-58hpf) 55.5 ± 3.8 (n=13) 43.4 ±5.6 (n=12) 36.5 ± 3.0 (n=14)**

cmyb expression intensity

AGM (24 hpf) 33.0 ± 6.3 (n=14) 28.5 ± 4.5 (n=39) 30.6  ± 2.6 (n=13)

AGM (33 hpf) 32.9 ± 10.9 (n=16) 30.9 ± 7.9 (n=31) 28.5 ± 6.5(n=28)**

CHT (56 hpf) 10.5 ± 2.5 (n=19) 12.8 ± 0.5 (n=41) 4.2 ± 1.1 (n=14)**

CHT (76 hpf) 21.3 ± 7.4 (n=19) 20.8 ± 1.125 (n=43)** 16.142 ± 1.950 (n=15)*

Runx1 expression intensity

AGM (26 hpf) 24.1 ± 9.6 (n= 10) 23.7 ± 11.6 (n= 11) 25.4 ± 9.3 (n=11)

AGM (36 hpf) 30.0 ± 7.1 (n=18) 23.1 ± 8.1 (n=20) 25.3 ± 6.8 (n=11)

mpeg:GFP+ cells

CHT (54hpf) 513.9±23.67 (n=18) 564.9±23.51 (n=26) 545.9±33.27 (n=14)

mpx:GFP+ cells

CHT (75hpf) 227.5±14.40 (n=11) 221.1±8.63 (n=26) 235.0±15.49 (n=6)

LCK:GFP+ pixel number

Thymus (5dpf) 2093±186.2 (n=9) 2449±165.5 (n=18) 2354±206.8 (n=17)

The data are mean ± SEM. n= number of zebrafish embryos used in analysis. AGM; aorta-gonad-mesonephros 
region, CHT; caudal hematopoietic tissue. *P< 0.05, **P< 0.01. If data were normally distributed we used One-way 
ANOVA with Tukey post-test. If data were not normally distributed we used Kruskal-Wallis with Dunn’s post-test. 
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Table S2. Cell numbers within the different populations in single cell analysis
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Supplementary Figure 1. Maternal contribution of gata2b does not affect gata2b-/- survival.
A) qRT-PCR of gata2b references against elfa on pooled WT and gata2b-/- embryos at 30 hpf (n = 3) indicating that 
gata2b expression levels are significantly reduced in mutant embryos (p = 0.0218). B) qRT-PCR of gata2a references 
against elfa on pooled WT and gata2b-/- embryos at 30 hpf (n = 3) shows reduced  gata2a expression levels are in 
mutant embryos (p = 0.0565).  C) Genotype distribution of matings between gata2b+/- and gata2b+/- zebrafish. D) 
Genotype distribution of matings between gata2b+/- female and gata2b-/- zebrafish males or gata2b+/- male and 
gata2b-/- zebrafish females. *; P<0.05.
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Supplementary Figure 2. Single cell RNA sequencing reveals several progenitor populations 
A-C) Experimental strategy to obtain single cells for RNA sequencing. B) FACS plot indicating the progenitor 
population which was sorted and supplemented with the remaining  C) CD41:GFPlow expressing cells from the 
kidney marrow pool of cells. D-E-F) Quality control parameters for each sample G) UMAP showing cluster analysis 
on aggregated data set of both WT and gata2b-/- cells indicating 20 different clusters with different colors. H)
Heatmap showing top10 marker genes for each cluster calculated in an unbiased way. I) Genotype distribution of 
each of the clusters, area of the bars indicate the cell numbers in each cluster, white = WT, black = gata2b-/-. Each 
replicate is depicted in a separate bar. J) Differentiation trajectory and pseudotime calculated only for WT cells. K) 
Differentiation trajectory and pseudotime calculated only for gata2b-/- cells.
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Supplementary Figure 4. Differentiation markers are not altered in gata2b-/- embryos.
A) Representative picture of Tg(mpeg:GFP) embryo at 54 hpf. B) Quantitation of mpeg:GFP+ cells in WT, gata2b+/- 
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Supplementary Figure 5. The HSPC1 cluster is composed of multiple HSPC subtypes. A) Heatmap showing marker 
genes for each HSPC1 subcluster calculated in an unbiased way.  B) Differentiation trajectory and pseudotime 
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ABSTRACT

The expression level of the transcription factor GATA2 is pivotal in hematopoiesis. Germline 
GATA2 haploinsufficiency manifests with immunodeficiency, bone marrow failure and a 
predisposition to myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML). 
The mechanisms driving GATA2 related phenotypes are still unexplained. To explore the role 
of GATA2 haploinsufficiency on the hematopoietic system we use a zebrafish model with a 
mutation in the orthologue of GATA2, Gata2b. Morphological analysis reveals that gata2b+/- 
kidney marrow (KM) shows erythroid dysplasia. To gain insight in the molecular origin of the 
dysplasia we used both bulk and single cell RNA sequencing. It unveiled that gata2b+/- HSPCs 
have a downregulation of cytoskeletal transcripts and aberrant proliferative signatures and 
ribosome biogenesis, possibly contributing to the erythroid dysplasia in gata2b+/- fish.

INTRODUCTION

GATA2 has a leading role in the generation and maintenance of the hematopoietic system 
(Gao et al., 2013; de Pater et al., 2013; Tsai et al., 1994). In humans, the clinical features of 
GATA2 deficiency are broad and include immunodeficiency, pulmonary, vascular/lymphatic 
dysfunctions and a strong propensity to develop MDS and AML (Donadieu et al., 2018; 
Spinner et al., 2014). GATA2 deficiency has been linked to the pathogenesis of Emberger 
syndrome (Ostergaard et al., 2011), MonoMAC (Hsu et al., 2011), dendritic cell, monocyte, 
and B and natural killer lymphoid deficiency (DCML) (Dickinson et al., 2011), and familiar 
forms of AML (Hahn et al., 2011). GATA2 haploinsufficiency has a variable impact on disease 
phenotype and age of onset, but presents with a high penetrance (Donadieu et al., 2018; 
Spinner et al., 2014). Surprisingly, there is no clear correlation between the occurrence of 
GATA2 mutations and severity of clinical symptoms, even between family members who 
share the same mutations (Mutsaers et al., 2013; Wang et al., 2015). In mice, GATA2 has an 
essential regulatory activity in the hematopoietic stem cell (HSC) compartment and has a 
function at several stages of HSC generation and maintenance. GATA2 null mice are lethal at 
embryonic day (E) 10.5 (Tsai et al., 1994), but Gata2 heterozygous (Gata2+/-) mice survive to 
adulthood with normal blood values. However, Gata2+/- mice possess a reduced phenotypic 
HSC compartment in their bone marrow (BM) (Rodrigues et al., 2005) and develop a blood 
phenotype after aging and BM transplantation (Gioacchino et al 2021). Whereas mouse 
models emerged as a precious source for identifying possible functions of GATA2, the 
mechanism causing the different aspects of GATA2 deficiency syndromes is still undiscovered. 
To better understand the biology of GATA2 and identify potential disease mechanisms, 
zebrafish serves as an attractive alternative model. Zebrafish has the advantage of having 2 
GATA2 orthologues, gata2a and gata2b. Gata2a is expressed mostly in vasculature (Butko 
et al., 2015) and is required for an appropriate hemogenic endothelium programming, 
upstream of Gata2b (Dobrzycki et al., 2020; Gioacchino et al 2021). Gata2b is expressed in 
HSPCs (Butko et al., 2015) and its homozygous deletion (gata2b-/-) causes a lack of myeloid 
differentiation and a lymphoid bias (Gioacchino et al 2021). To evaluate the transcriptional 
and phenotypic consequences of reduced Gata2b expression, we assessed hematopoietic 
cell development in gata2b heterozygous zebrafish (gata2b+/-). We hypothesized that, 
with half a Gata2b dose, zebrafish would show reduced myeloid differentiation, although 
to a lesser extent than when knocking out gata2b completely. Instead, we observed an 
unprecedented erythroid dysplasia in the kidney marrow. We therefore conclude that 
gata2b heterozygous knockout zebrafish develop a distinct phenotype in comparison to the 
homozygous knockout. These results, besides recapitulating morphological abnormalities 
occurring in GATA2 patients, highlight a concentration-dependent action of gata2b in 
zebrafish hematopoiesis. 
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MATERIAL AND METHODS

Generation and genotyping of Gata2b heterozygous zebrafish
We generated gata2b heterozygote zebrafish using CRISPR/Cas9 as previously described 
(Gioacchino et al 2021), and maintained them under standard conditions. Genotyping of 
the 28bp insertion in the exon 3 of gata2b gene was accomplished by isolating genomic 
DNA from fin biopsy, followed by polymerase chain reaction (PCR), using forward primer 5’ 
CTGTCGATGACGCAACACTG 3’ and reverse primer 5’ TGTCGTCATGTTTCCGAGCA 3’, giving a 
product of 363 bp. PCR had a denaturing temperature of 95°C for 15", annealing 54°C for 
15" and extension at 72°C for 30" for 35 cycles. 

Zebrafish embryos were kept at 28,5°C on a 14h/10h light-dark cycle in HEPES-buffered 
E3 medium. Zebrafish were anesthetized using tricaine and euthanized by ice-water. Animal 
studies were approved by the animal Welfare/Ethics Committee in accordance to the 
legislation in the Netherlands.

Kidney marrow isolation and analysis
Adult zebrafish were euthanized and the kidney marrow was removed mechanically using 
tweezers and dissociated by pipetting in phosphate buffered saline (PBS)/10% fetal calf 
serum (FCS) to obtain a single-cell suspension. 7-AAD (7-amino-actinomycin D) (Stem –kit 
reagents) 0.5mg/L or DAPI 1mg/L was used for live/dead discrimination. The sorting and 
analysis were performed using FACS AriaIII (BD Bioscences). When sorting, the cells were 
sorted in non-stick cooled micro tubes (Ambion) containing 10% FCS in PBS.

May-Grünwald-Giemsa stain of KM smears
Adult zebrafish kidney marrow was removed mechanically, using tweezers. Kidney marrow 
smears were obtained by wiping the tissue on slides (SuperFrost Plus, Thermo Scientific) 
in duplicates. The smears were subsequently fixed for one minute in 100% MeOH before 
staining five minutes in May Grünwald solution (diluted 1:1 in phosphate buffer) and ten 
minutes in Giemsa solution (diluted 1:20 in phosphate buffer) followed by a last rinsing step 
in tap water. 

Analysis was performed by counting 200-500 hematopoietic cells of each kidney 
marrow smear; excluding mature erythrocytes and thrombocytes. Cells were categorized 
as: blast, myelocyte, neutrophil, eosinophil, lymphocyte or erythroblast. Furthermore, if 
dysplasia was observed within a specific lineage, the percentage of dysplastic cells within 
that lineage was determined by additional counting of at least 50 cells within that specific 
lineage. 

Single cell RNA sequencing
kidney marrow cells were isolated (as describes in bone marrow isolation) and 7x104 viable 
cells were sorted from 2 pooled males Tg(CD41:GFP, runx1:RFP) of wild type (WT) or gata2b+/- 
zebrafish at 1 year of age. 7x104 single viable cells were sorted from kidney marrows from 
one female of WT or gata2b+/- zebrafish between 18-20 months of age. cDNA was prepared 
using the manufacturers protocol (10x Chromium V3) and sequenced on a Novaseq 6000 
instrument (Illumina). After sample processing and upstream analysis, gathered information 
on 18147 cells for WT and 10849 cells for gata2b+/- . Considering the difference in cell 
number between samples, we normalized for this factor and assessed difference between 
the 2 conditions. Two WT replicates had a read depth of 24135 and 28043 reads per cell and 
the two gata2b+/- replicates were sequenced with a read depth of 21790 and 27885. Data 
was analyzed using the Seurat R package. 

RNA extraction and RNA quality control
Total sample RNA isolation was performed according to the standard protocol of RNA 
isolation with Trizol and GenElute LPA (Sigma). Quality and quantity of the total RNA was 
checked on a 2100 Bioanalyzer (Agilent) using the Agilent RNA 6000 Pico Kit. 

RNA Sequencing and gene set enrichment analysis (GSEA)
cDNA was prepared using the SMARTer Ultra Low RNA kit (Clontech) for Illumina Sequencing. 
The gene expression values were measured as FPKM (Fragments per kilobase of exon per 
million fragments mapped). Fragment counts were determined per gene with HTSeq-count, 
utilizing the strict intersection option, and subsequently used for differential expression 
analysis using the DESeq2 package, with standard parameters, in the R environment. 

Statistics
Statistical analysis was carried out in GraphPad Prism 8 (GraphPad Software). Unless 
otherwise specified, data were analyzed using unpaired, 2 tailed Student's t-test. Statistical 
significance was defined as p<0.05. Graphs are means ± SEM and the number of replicates 
is indicated in the figure legend.
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RESULTS

gata2b+/- kidney marrow differentiation remains intact over time 
A previously generated gata2b mutant zebrafish line was used (Gioacchino et al 2021). Here, 
we test the consequences of gata2b heterozygosity (gata2b+/-) in the zebrafish hematopoietic 
system. Since gata2b homozygous mutant (gata2b-/-) zebrafish had alterations in the 
lymphoid and myeloid lineage, we analyzed gata2b+/- KM by flow cytometry to discriminate 
an eventual kidney marrow lineage bias (Boatman et al., 2013; Traver et al., 2003) (Fig. 
1A). gata2b+/- zebrafish had no significant difference in the distribution of either myeloid, 
erythroid, progenitors or HSPCs and lymphoid populations compared to wild type (WT) (Fig. 
1A). To further specify differentiated hematopoietic cells more stringently, we bred gata2b+/- 

zebrafish to various transgenic zebrafish lines, as reporters for differentiated cell types (Supp. 
Fig. 1). We used Tg(mpx:GFP) for neutrophils (Supp. Fig. 1A-B), Tg(lck:GFP) for T cells (Supp. 
Fig. 1C-D), Tg(Igm:GFP) for B cells (Supp. Fig. 1E-F), Tg(mpeg:GFP in cells of the myeloid 
gate) for macrophages (Supp. Fig. 1G-H), and Tg(mpeg:GFP in cells of the lymphoid gate) as 
a supplementary control for B cells quantification (Supp. Fig. 1G-I). No significant differences 
in mature hematopoietic subsets were observed between WT and gata2b+/- zebrafish. 
Since GATA2 haploinsufficiency manifestations might require longer periods of time to 
become evident (Donadieu et al., 2018; Spinner et al., 2014), we tested the effect of gata2b 
heterozygosity after aging zebrafish up to 18 months. No significant differences between 
the proportions of cell populations were detected over time in gata2b+/- kidney marrow 
compared to WT (Fig. 1B-E). However, the erythroid population increased, indiscriminately 
of genotype, after 12 months of age (P<0.001) (Fig. 1D). While the remaining myeloid, 
lymphoid+HSC and progenitor populations did not vary as dramatically (Fig. 1B-C-E). In 
summary, based on FSC-A vs SSC-A and transgenic reporters we conclude that the major 
differentiation lineages are not impaired in gata2b+/- KM. Additionally, we note a previously 
unreported erythroid bias in aged zebrafish.
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Fig. 1: gata2b+/- kidney marrow does not have alteration in differentiation over time
A) Gating strategy of FACS analysis of whole kidney marrow of WT and gata2b+/- zebrafish. Percentages represent 
the average of all zebrafish analyzed per genotype. Quantitation as percentages of the different cell populations in 
single viable cells of B) myeloid C) lymphoid and HSCs D) erythrocytes E) progenitors in WT and gata2b+/- zebrafish 
kidney marrow over time. Mean ± SEM. 

gata2b+/- kidney marrow shows erythroid-myeloid dysplasia
GATA2 haploinsufficiency does not always manifests with cytopenias (Donadieu et al., 
2018; Spinner et al., 2014). Therefore, regardless of a conserved overall differentiation 
process in gata2b+/- KM, we morphologically assessed whole KM smears as myelodysplasia 
is the most common form of leukemia upon GATA2 haploinsufficiency. MGG staining of 
KM smear quantification (excluding differentiated erythrocytes) revealed that gata2b+/- 
kidney marrow had no overall differences in lineage differentiation. However, a significant 
decrease in eosinophils was observed (Fig. 2A), representing less than 5% of the total KM 
cells. Morphological analysis further showed that, while WT zebrafish had predominantly 
normal kidney marrow cells, all gata2b+/- samples had a considerable fraction of dysplastic 
cells in the erythroid lineage. On average 0.5% of WT erythroid cells showed dysplastic 
features, compared to 9.9% of gata2b+/- erythroid cells (Fig. 2B), the latter representing 4.5% 
of the total kidney marrow population of gata2b+/-. Furthermore, we found clear myeloid 
lineage dysplasia in 25% of gata2b+/- zebrafish (Fig. 2C). In these samples, 30% of myeloid 
cells were dysplastic compared to the WT average of 0.3%. While the myeloid dysplasia was 
mostly represented by multi-lobated nuclei, the erythroid abnormalities were ranging from 
nuclear deformities and double nuclei to irregular cytoplasm or an almost complete lack of 
cytoplasm (Fig. 2C-D). The remaining cell types did not seem to be affected morphologically 
by Gata2b haploinsufficiency. These results indicate that gata2b heterozygosity causes 
haploinsufficiency and induces dysplasia, predominantly in erythroid progenitors. 
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erythrocytes were excluded from quantification. B) Frequency of dysplastic cells of the erythroid, myeloid and 
lymphoid lineage in KM smears of WT (n=9) and gata2b+/- (n=9) zebrafish. Representative pictures of kidney marrow 
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erythroblast; 2) Blebbing in cytoplasm of proerythroblast; 3) Binucleated promyelocyte; 4) Lobed nucleus and 
micronucleus in erythroblast; 5) Multinucleated promyelocyte; 6) Irregular cytoplasm in erythroid precursor; 7) 
Lobed nucleus in erythrocytes; 8) Blebbing in cytoplasm of blast. * P value<0.5, ***P value<0.001. Data represents 
mean ± Standard error of the mean.

Single cell transcriptome analysis reveals unique subpopulations in WT and Gata2b+/- 
KM indicative of a cell maturation arrest.
Next, we sought to characterize the dysplastic cell population in gata2b+/- KM. Through 
flow cytometry, we sorted 4 cell populations based on light scatter (Fig 1A) and observed 
dysplastic cells in the progenitor and lymphoid + HSPCs gate of gata2b+/-, indicating that 
dysplastic cells could be viably sorted (Fig. 2D, panel 7 and 8). However, flow cytometry did 
not identify a uniquely separated population of dysplastic cells, possibly because of their 
heterogeneity in shape. To identify the transcriptional characteristics of gata2b+/- and to 
assess small subpopulations (possibly dysplastic), otherwise masked in bulk RNA sequencing 
(Shalek et al., 2014; Villani et al., 2017), we performed single cell RNA sequencing (scRNA-
seq). We sorted lymphoid and HSPC and progenitor (Fig. 3A) because they included the 
dysplastic cells and HSPCs. These cells were split in 19 clusters (Fig 3B) using the nearest 
neighbor algorithm in the R Seurat package (Butler et al., 2018). Each cluster was classified 
based on differentially expressed genes (Suppl. Fig. 2) and known differentiation markers. 
In short, cells of the erythroid lineage are known to express hemoglobins like hbba1. itga2b 
was used as a marker for thrombocytes and mpeg1.1 for monocytes and lysozyme (lyz) 
for neutrophils. Furthermore, the differentiated populations were devoid of expression of 
proliferation genes like mki67 and pcna indeed suggesting that these are differentiated cells 
and not a progenitor compartment (Fig 3C). The populations expressing markers like CCAAT 
enhancer binding protein alpha (cebpa) and granulin1 (grn1) were identified as myeloid 
progenitors 1 and 2. T cells were marked by expression of tox, il2rb and dusp2 expression, NK 
cells were marked by nkl.3, nkl.4 and ccl33.3 and B cells were marked by expression of CD37, 
CD79a, pax5 and high levels of the immunoglobulin ighv1-4. Corroborating a conserved 
lymphoid and myeloid differentiation program, the cluster proportion analysis indicated an 
overall similar distribution of cells within clusters between gata2b+/- and WT (Fig. 4A). 

Even though clusters were evenly distributed, dysplastic cells were almost exclusively 
observed in gata2b+/- KM (Fig. 2B). This discrepancy lead us to hypothesize that the 
clustering did not separate dysplastic cells in one cluster but that they were included within 
erythroid and myeloid clusters. For a more precise subdivision of small populations, we 
subclustered erythroid and myeloid clusters (including their progenitors) and identified 5 
significantly overrepresented subclusters in gata2b+/- KM (Suppl Fig. 3). These subclusters 
represented 5.6% of the total sequenced gata2b+/- cells, a fraction comparable to the 
amount of dysplastic cells observed in gata2b+/- KM. Additionally, these subclusters had 
downregulation of tubulin transcripts (not shown), suggesting a loss of cytoskeletal 
structure, a characteristic of dysplasia. However, these subclusters were not characterized 
by a unique transcriptome compared to other subclusters, indicating either that gata2b+/- 
dysplastic cells are transcriptionally undistinguishable or that cell clustering is a suboptimal 
method for their identification. 
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Further investigation of gata2b+/- cluster cells revealed that “myeloid progenitors 1” and 
“erythroid progenitors 2” clusters contain underrepresented subclusters (Fig 4B and C). The 
loss of these cells suggests that gata2b+/- cell maturation might be impaired, a phenomenon 
often found in dysplasia (Nováková et al., 2016). In line with the hypothesis of a block of 
differentiation, the gata2b+/- “erythroid progenitor 2” cluster, while having higher signatures 
of DNA replication, had a downregulation of transcripts necessary for cell mitosis (Fig. 4D). 
A block in the G2 phase of cell cycle can explain the origin of multi-lobated nuclei and other 
nuclear abnormalities observed in gata2b+/- dysplastic cells. Since cell divisions are crucial 
for the differentiation program, Gata2b haploinsufficiency could cause a block in cell cycle 
progression in a fraction of erythroid and myeloid cells, causing their loss in differentiation. 
Overall, in our single cell transcriptome analysis, dysplastic cells do not form a separate 
cluster but are likely scattered in the myeloid and erythroid progenitor clusters and possibly 
originate as a result of proliferative alterations causing a differentiation block.

gata2b+/- HSPCs have a high nucleic acid metabolism and downregulated cytoskeletal 
and protein ubiquitination transcripts
Multiple observations point to Gata2b affecting HSPC behavior. In gata2b+/- KM, dysplasia 
was observed in both myeloid and erythroid cells, suggesting an aberrancy derived from 
a common progenitor. Additionally, Gata2b expression was present mostly in the HSPC 
cluster (Fig 3C) and Gata2b knockout was shown to affect HSPCs in zebrafish (Gioacchino 
et al., 2021). Unfortunately, the HSPC population in the single cell analysis showed great 
heterogeneity with scattered HSPCs expressing differentiation markers like ighv1-4 indicative 
of B cell differentiation, Nkl.2 indicative of NK-differentiation and icn indicative of myeloid 
differentiation (Suppl Fig. 2). Therefore, we further purified the HSC population using 
CD41:GFPlow expressing cells (Fig. 5A), as these were shown to contain transplantable HSCs 
(Lin et al., 2005; Ma et al., 2011). Although numerically unaffected by gata2b heterozygosity 
(Fig. 5B), gene expression was markedly different in  gata2b+/- CD41:GFPlow cells compared 
to WT HSPCs. Gene set enrichment (GSEA) and KEGG analysis revealed 71 upregulated 
and 80 downregulated gene sets (P<0.05). In gata2b+/- CD41:GFPlow cells, upregulated gene 
sets were related to DNA replication and ribosome biogenesis. Simultaneously, in gata2b+/- 

HSPCs, downregulated gene sets were related to cytoskeleton and protein degradation 
(Fig. 5C-D). These data suggest that gata2b+/- HSPCs have an aberrant expression of genes 
controlling cell structure and replication, which is possibly at the source of the dysplasia 
observed in the kidney marrow of gata2b+/- zebrafish. 
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Fig. 5: gata2b+/- HSPCs have a high nucleic acid metabolism and downregulated cytoskeletal and protein 
ubiquitination transcripts
A) Representative figure of identification of CD41:GFPint population (in green) and distribution in the FSC-A SSC-A 
kidney marrow population. B) Quantification of the percentage of CD41:GFPint cells in WT and gata2b+/- kidney 
marrow single live cells. C) Cytoscape 3.8.2 enrichment map depicting significantly (p < 0.01 and FDR<0.15) 
upregulated and downregulated gene sets. The clusters in yellow are generated using the AutoAnnotation app of 
Cytoscape 3.8.2, the clusters names were manually edited. D) Representative gene set enrichments plots showing 
the profile of the enrichment score (ES) and positions of gene set members on the rank ordered list. 
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DISCUSSION 

In humans, a balanced GATA2 expression is essential for proper hematopoiesis. Consequently, 
more than 90% of GATA2 mutant patients develop a life-threatening hematologic disease 
by 40 years of age (Donadieu et al., 2018). While the consequences of GATA2 mutations 
became obvious in the last decades, the regulation of GATA2 activity, and the relationship 
with human bone marrow failure remain incompletely understood. 

Here, we used transgenic reporters, morphological phenotyping and RNA sequencing to 
analyze gata2b heterozygous zebrafish. We reveal that, while major differentiation lineages 
remain intact, gata2b heterozygosity causes dysplasia in erythroid and myeloid progenitors 
of zebrafish kidney marrow. Single cell RNAseq analysis does not identify a single population 
identifiable as dysplastic and dysplastic cell types are likely scattered through erythroid and 
myeloid clusters. In the future, the isolation of single dysplastic cells could help us define 
their transcriptome, meanwhile a tubulin reporter zebrafish (Goldman et al., 2001) could 
reveal whether the loss of tubulin is an attribute of gata2b+/- dysplasia.

However, after isolating the most primitive HSPCs (CD41 intermediate), gata2b+/- 
hyperproliferation is evident and transcriptionally resembles the loss of quiescence observed 
in Gata2b knockout (gata2b-/-) (Gioacchino et al 2021). 

Interestingly, whereas in gata2b-/- there is an abrogation of the myeloid lineage and 
a bias to lymphoid differentiation (Gioacchino et al 2021), gata2b+/- did not simply result 
in an intermediate phenotype between WT and gata2b-/-. Instead, it developed a unique 
dysplasia, not observed in gata2b-/-. The differences in the homozygous and heterozygous 
gata2b knockout phenotype support a role of gene dosage in the severity of the GATA2 
deficiency phenotype, possibly explaining the disease heterogeneity between patients. 
Since both erythroid and myeloid dysplasia can be observed in GATA2 patients (Donadieu 
et al., 2018), we propose that the dysplastic cells in gata2b+/- represent an aspect of the 
clinical syndromes associated with GATA2 heterozygosity. It remains to be established how 
gata2b+/- HSPCs would respond to insults such as infections or severe bleeding.

In conclusion, while retaining the major differentiation lineages intact, gata2b+/- 
zebrafish develop a hyperproliferative stem and progenitor compartment which leads to 
the generation of erythroid and myeloid dysplastic cells. Taken together, our model provides 
insights into the consequences of Gata2b dosage in normal development, revealing 
transcriptional networks affected by Gata2b haploinsufficiency in zebrafish. 
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Supplementary Fig. 1: Transgenic zebrafish reporter lines show no overall differentiation difference in gata2b+/-

A) mpx positive cells, depicted in green, with distribution in FSC-A SSC-A graph. Followed by B) Quantification of the 
percentage of mpx:GFP+ cells in WT and gata2b+/- kidney marrow single live cells. C) Lck positive cells, depicted in 
green, with distribution in FSC-A SSC-A graph. Followed by D) Quantification of the percentage of lck:GFP+ cells in 
WT and gata2b+/- kidney marrow single live cells. E) Igm positive cells, depicted in green, with distribution in FSC-A 
SSC-A graph. Followed by F) Quantification of the percentage of IgM:GFP+ cells in WT and gata2b+/- kidney marrow 
single live cells. G) mpeg positive cells, depicted in green, mark monocytes (top) and phagocytic B-cells (bottom). 
Followed by H-I) Quantification of the percentage of mpeg:GFP+ cells in WT and gata2b+/- kidney marrow single live 
cells. Data represents mean ± Standard error of the mean.
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Supplementary Fig. 2: Heatmap with top 5 transcripts per cluster
Heatmap representing the expression level of the top 5 expressed transcripts per cluster. Transcripts highly 
expressed in multiple clusters were not repeated in the list (like hemoglobin in erythroid clusters). Transcripts 
identified only by their chromosome location were not included.
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ABSTRACT

GATA2 is a transcription factor with key functions in both embryonic and adult 
hematopoiesis. Patients with germline GATA2 mutations are predisposed to develop a 
broad range of pathological phenotypes, ranging from immunodeficiencies to acute myeloid 
leukemia. This phenotype heterogeneity, associated with hundreds of possible mutations 
and variable penetrance, caused GATA2 pathogenic contribution to be enigmatic. We 
show here that Gata2+/- hematopoietic stem and progenitor cells (HSPCs) lose quiescence 
from embryonic day (E)14 to 16 months. Despite this HSC phenotype, Gata2+/- animals 
did not develop hematological anomalies. To challenge the HSCs, aged WT and Gata2+/- 
HSCs were transplanted into lethally irradiated recipients. Mice transplanted with aged 
Gata2+/- BM cells developed leukopenia, recapitulating the immunodeficiency reported 
in GATA2 patients and a measure for the reduction in fitness of Gata2+/- HSCs. Our results 
highlight the role of GATA2 in maintaining HSCs homeostatic quiescence and fitness and 
suggest that the combination of GATA2 haploinsufficiency, ageing and replicative stress 
are necessary and sufficient to cause a GATA2 deficiency manifestation.

Chapter 4

INTRODUCTION

Hematopoietic stem cells (HSCs) are characterized by their quiescence state (Nakamura-
Ishizu et al., 2014; Orford & Scadden, 2008) and by their ability to generate all hematopoietic 
cells via multipotency and self-renewal (Ogawa, 1993; Seita & Weissman, 2010). These 
properties allow HSCs to sustain the hematopoietic system throughout life. Due to the vast 
and continuous demand of differentiated blood cells, HSCs fitness is critical for the balanced 
production of cells of the hematopoietic system. Regulation of transcription, driven by 
transcription factors like GATA2, is key in the control of HSCs and provides a crucial level of 
control against immune diseases (Bhagwat & Vakoc, 2015). 

Human GATA2 germline mutations are the cause of the bone marrow failure 
syndrome comprised of a series of disorders with variable penetrance assembled under 
the GATA2 deficiency syndromes (Rachel Emma Dickinson et al., 2011; Hsu et al., 2011; 
Ostergaard et al., 2011). 73% of patients suffer from various cytopenias at diagnosis (49% 
monocytopenia, 39% neutrophenia and consistent B-cell lymphopenia) 15% of patients 
suffer from lymphedema and more than 80% develop MDS or leukemia (Donadieu et al., 
2018). Hundreds of pathogenic GATA2 mutations have been identified (Collin et al., 2015; 
Wlodarski et al., 2016, 2017). Roughly 90% of these are either missense mutations within 
zinc finger (ZF) 2 or truncating mutations preceding ZF2 rendering one copy of the protein 
nonfunctional (Wlodarski et al., 2017). Therefore, GATA2 mutations are considered to 
cause GATA2 haploinsufficiency (Cortés-Lavaud et al., 2015). However, the different clinical 
phenotypes are not strictly linked to specific mutation types and it is currently unclear 
how GATA2  haploinsufficiency contributes to the different aspects of GATA2 deficiency 
syndromes (Hahn et al., 2011; Spinner et al., 2014). Interestingly, patients carrying GATA2 
germline mutations have much greater risk of developing clinical symptoms and MDS in 
older age (Donadieu et al., 2018; Spinner et al., 2014): 38% chance to remain asymptomatic 
by age 20 and 8% by age 40, and the risk of developing MDS goes from 6% at 10 years, to 
81% at age of 40 (Donadieu et al., 2018). This indicates that the hematopoietic system of 
patients carrying germline GATA2 mutations accumulate molecular changes that lead to the 
progression to leukemia.

The Gata2 gene is required for both the embryonic generation and maintenance of 
HSCs in adulthood (de Pater et al., 2013) and is well conserved between humans and mice 
(Mazumder et al., 2016). During mammalian hematopoietic development, definitive HSCs 
originate in the aorta-gonad-mesonephrons (AGM) region (Dzierzak & Speck, 2008; Ivanovs 
et al., 2011; Medvinsky & Dzierzak, 1996) via endothelial to hematopoietic transition 
(EHT). HSCs then migrate to the fetal liver where they amplify before populating the bone 
marrow around birth (E18-21 in mouse) and reside throughout adulthood. Gata2 germline 
knock-out mice (Gata2-/-) are embryonically lethal at embryonic day (E) 10, just before the 
generation of the first HSCs, due to hematopoietic failure (Tsai et al., 1994). Zebrafish studies 
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showed the involvement of Gata2b, the zebrafish orthologue of GATA2, to function in 
hematopoietic lineage differentiation within the HSC compartment (Gioacchino et al 2021). 
Gata2 heterozygous knock-out mice (Gata2+/-) are viable, breed normally and have normal 
hematologic profiles; despite showing a reduction in hematopoietic stem and progenitor 
cells (HSPCs) during both embryogenesis (de Pater et al., 2013; Ling et al., 2004; Tsai et al., 
1994) and adulthood (Guo et al., 2013; Rodrigues et al., 2005).

Because GATA2 plays pivotal roles in the hematopoietic system throughout development 
and because the incidence of MDS/AML increases with age in patients with GATA2 deficiency 
syndrome, we hypothesize that molecular changes in embryonic HSCs eventually lead to  the 
bone marrow failure syndrome observed in patients carrying germline GATA2 mutations. 
Therefore, we assessed the hematopoietic system from embryonic hematopoiesis throughout 
adulthood and after aging. The transplantation of aged HSCs resulted in pancytopenia and 
reduced HSC fitness in  Gata2+/- mice compared to WT. Molecular assessment of the HSC 
compartment at various time-points revealed that, throughout development, HSCs lose 
quiescence and are under proliferative stress. This abnormalities progress into a reduction in 
HSCs fitness and manifests as a bone marrow failure syndrome, similar to patients carrying 
germline GATA2 mutations.

MATERIALS AND METHODS

Mouse maintenance 
Gata2 heterozygous mice have been previously described (Tsai et al., 1994). Animal studies 
were approved by the Animal Welfare/Ethics Committee of the EDC in accordance with 
legislation in the Netherlands. 

Bone marrow sampling
Mouse bone marrow (BM) was obtained by flushing femurs and tibias using a 25G (BD 
Microlance) needle with Phosphate buffer solution (PBS) supplemented with 5 IU/mL 
penicillin, 5 μg/mL streptomycin, and 10% fetal calf serum (FCS). The bone marrow cell 
suspension was filtered using a 30-micron nylon mesh, Ficoll treated and stored on ice until 
use. An aliquot of the BM cell suspension was diluted with phosphate-buffered saline (PBS) 
and loaded into a hemocytometer to count nucleated cells.

Peripheral blood count
Blood was sampled from cheek puncture and collected in a Microtainer Brand Tube with 
EDTA (ethylenediaminetetraacetic acid;). Samples were analyzed on a Hemavet 850 (Drew 
scientific).

Colony-forming unit assay
MethoCult GF M3434 (Stem Cell Technologies, Vancouver, BC, Canada) was defrosted 
overnight at 4°C and used according to manufacturer�s instructions to enumerate colony-
forming units (CFU). For optimal colony growth, 100 freshly sorted LSK SLAM cells were 
plated in 1,1ml of Methocult placed in 10mm style Falcon petri dish (Corning Incorporated) 
and colonies scored after 10 days of culture at 37°C with 5% CO2. After colony count, 
MethoCult was removed from the plates using PBS with 10% FCS at 37°C, cells counted and 
104 cells re-plated for 1st,2nd and 3rd re-plating. 

Growth of primitive erythroid progenitor cells (BFU-E), granulocyte-macrophage 
progenitor cells (CFU-GM, CFU-G and CFU-M), and multi-potential granulocyte, erythroid, 
macrophage, megakaryocyte progenitor cells (CFU-GEMM) were scored using an inverted 
microscope. 

LSK SLAM staining 
BM cells were labeled with lineage antibodies: 
Rat Anti Mouse CD45R/B220 Clone RA3-6B2 (cat 553089), PE Rat Anti-Mouse CD3 Molecular 
Complex Clone 17-A2 (Cat 555275), Rat Anti-CD11b Clone M1/70 (Cat 553311), Rat Anti-
Mouse TER-119 (Cat 553673), Rat Anti-Mouse Ly-6G and Ly-6C (Gr1) Clone RB6-8C5 (Cat 
553128) (all from BD Bioscience). To identify murine hematopoietic stem and progenitor 
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cells, BM cells were co-stained with APC Rat Anti Mouse CD117 Clone:2B8 Cat:553356 (BD 
Bioscience), BB700 Rat anti Mouse Ly-6A (sca1) Clone D7 Cat 742089 (BD Bioscience), Alexa 
Fluor 700 anti-mouse CD48 Cat 103426 (BioLegend), Rat anti-mouse CD150 Cat 115914 
(BioLegend). All LSK SLAM FACS antibodies incubations were performed in PBS+10% FCS 
for 20 min on ice. Fetal liver LSK SLAM analyses were performed according to (I. Kim et al., 
2006).

Cell proliferation and apoptosis assays and γH2AX
Apoptosis was analyzed using FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) 
according to the recommendation of the manufacturer. To detect death from apoptotic 
cells, Annexin-V was used together with 4,6-diamidino-2-phenylindole (DAPI) (Molecular 
Probes).

For Cell cycle analysis1x106 freshly isolated BM cells, stained with surface markers, were 
fixed while vortexing using 2% PFA and incubated for 1 hour at 4 degrees in the dark. After 
washing, cells were permeabilized re-suspending the cell pellet in PBS/0.2% triton with 
Dapi 1:500 and incubated overnight at 4°C in the dark. After a washing step, cells were 
stained using Ki67 FITC (Thermofisher, catalog #11-5698-82) 1:25 in PBS 10% FCS with DAPI 
1:500 and incubated for 2 hours at 4 degrees in the dark vortexing every 30 minutes. After 
washing, cells were resuspended in PBS with DAPI 1:500 and analyzed (Szade et al., 2016). 
γH2AX levels were assessed in cells fixed and permeabilized with Cytofix/Cytoperm Fixation/
Permeabilization Solution Kit (BD Biosciences) by incubating cells with Alexa Fluor 488 
mouse anti-γH2AX (N1-431, Cat 560445, BD Biosciences), diluted in 1X Perm/Wash buffer 
(BD Biosciences) 1:200. All FACS events were recorded using a BD LSR II Flow Cytometer or 
a BD FACSAria III and analyzed with FlowJo 7.6.5 software (Tree Star). Cells were sorted with 
a BD FACSAria III.

RNA extraction and RNA quality control
Total sample RNA isolation was performed according to the standard protocol of RNA 
isolation with Trizol and GenElute LPA (Sigma). Quality and quantity of the total RNA was 
checked on a 2100 Bioanalyzer (Agilent) using the Agilent RNA 6000 Pico Kit. 

RNA Sequencing and gene set enrichment analysis (GSEA)
cDNA was prepared using SMARTer procedure with SMARTer Ultra Low RNA kit (Clontech) 
for Illumina Sequencing. SMARTer Ultra Low RNA Kit (Clonetech) for Illumina Sequencing 
was used for cDNA based. The gene expression values were measured as FPKM (Fragments 
per kilobase of exon per million fragments mapped). Fragment counts were determined per 
gene with HTSeq-count, utilizing the strict intersection option, and subsequently used for 
differential expression analysis using the DESeq2 package, with standard parameters, in the 
R environment. Gene expression is measured as FPKM (Fragment per kilobase of exon per 
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million fragments mapped). GSEA (Gene Set Enrichment Analysis) was performed on the 
FPKM values using the curated C2 collection of gene sets.

Serial bone marrow transplantation
3x106 freshly isolated nucleated bone marrow CD45.2+ cells were transplanted via tail vein 
injection into lethally irradiated (10.5Gy) 6-8 weeks old CD45.1+ recipient mice. The donor 
cell chimerism was determined in peripheral blood every month after transplantation. 
Blood was lysed from red blood cells and assessed using Gr1, CD11b, CD3, CD19 (eBioD3). 
For secondary transplant, 3x106 bone marrow cells were collected from recipients and 
transplanted into lethally irradiated CD45.1+ recipient mice. 

Cytoscape analysis
Enrichment Map and AutoAnnotate applications were used on Cytoscape 3.8.2 (Shannon et 
al., 2003) to obtain GeneSet clusters. Some of the cluster names have been manually edited 
from the original autoannotation for a better definition. False discovery rate cutoff =0,25, P 
value cutoff=0,01, Edge cutoff=0,4, Node cutoff Q value =0,05. Only clusters with 5 nodes for 
E14 and clusters with 10 nodes for adult and aged samples were presented.

Statistics
Data are presented as mean ± SEM. All statistical analysis was carried out in GraphPad Prism 
8.0.1 (GraphPad Software Inc., San Diego, CA). Normally distributed data were analyzed 
using an unpaired t test, not normally distributed data were analyzed using Mann-Whitney 
test. A p value less than 0.05 was considered significant.
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RESULTS

The HSPC compartment of Gata2+/- embryos is hyperproliferative 

Because GATA2 haploinsufficiency syndromes are innate genetic disorders and the 
associated  phenotypes worsen with age, we hypothesize that, during embryogenesis, it 
is possible to detect early changes supporting malignancy. Therefore, we investigated 
the transcriptome of phenotypic HSCs, expressing Lin-Sca1+cKit+CD48-CD150+Mac-1+ (LSK 
SLAM), at embryonic day (E) 14. At this time point, HSCs frequently divide and are greatly 
expanded (Ema & Nakauchi, 2000; I. Kim et al., 2006; Kumaravelu et al., 2002). Our results 
show that GATA2 haploinsufficient mouse (Gata2+/-) embryos possess a reduced fetal liver 
(FL) HSPC compartment compared to wild type (WT) at E14 (Fig. 1a). The HSPC reduction is 
not caused by a slower amplification in Gata2+/-, as it is was demonstrated not to be delayed 
(Ling et al., 2004 and unpublished results). Hierarchical clustering by principal component 
(PC) analysis of the RNA-Seq data revealed an evident separation of the Gata2+/- cells by 
the first principal component (PC_1) (Fig. 1b). To determine the correlation between WT 
and Gata2+/- transcriptome we performed Gene Set Enrichment Analysis using curated 
gene sets. We selected significant differentially expressed genes (p<0.01 and FDR<0.25) 
and performed Cytoscape analysis (Otasek et al., 2019; Shannon et al., 2003). Gene-sets 
(circles) are connected (lines) if a gene is shared between gene sets. In this way, similar gene 
sets are grouped, creating a network, facilitating the interpretation of the results. While 
translation gene sets were downregulated, cell cycle and aberrant proliferation gene sets 
resulted the main group of gene sets upregulated in Gata2+/- E14 LSK SLAM cells compared 
to WT (Fig. 1c). For example, gene sets like “DNA replication”, “Myc targets UP”, “Cell cycle 
retinoblastoma (RB1) targets’’, and “Dividing vs Normal cells in chronic myeloid leukemia 
(CML)” were upregulated and “Peptide chain elongation” was downregulated in GATA2 
haploinsufficient cells (Fig. 1d and Supplementary Fig.1a). Overall, Gata2+/- phenotypic HSCs 
are quantitatively reduced but transcriptionally more proliferative at E14, indicating that the 
reduction of HSC numbers in Gata2+/- E14 FL is not caused by a reduction in proliferation. 
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Figure 1Figure 1. Gata2+/- embryonic HSPCs are diminished but transcriptionally more proliferative than WT A) Percentage 
of Lin-Sca1+cKit+CD48-CD150+Mac-1+ (LSK SLAM) cells in fetal liver (FL) in WT (n=6) and Gata2+/- (n=9) at embryonic 
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more than 4 nodes were presented. D) Representative significantly different curated gene sets. NES: Normalized 
enrichment score FDR: False discovery rate. ***p<0.001.

Gata2+/- HSPCs remain less quiescent during adulthood
Next, adult HSPCs were investigated similarly. Consistent with prior studies (Guo et al., 2013; 
Rodrigues et al., 2005), adult Gata2+/- BM have reduced numbers of phenotypic HSCs (Fig. 
2a), suggesting a comparable reduction in functional HSCs. However, blood values remain 
unchanged compared to WT (Suppl. Fig. 2a). To elucidate how GATA2 haploinsufficiency 
affects HSC number and behavior, we analyzed the transcriptome of LSK SLAM using RNA 
sequencing. Just like FL LSK SLAM, the PC analysis in LSK SLAM from adult mice highlights 
a separation of the two genotypes based on PC1 (Fig. 2b). Cytoscape analysis reveals 
the formation of networks between gene sets related to proliferation like “Cell cycle”, 
“proliferation” and “respiratory electron transport” and aberrant proliferation gene sets like 
“Protein degradation” and “DNA repair” (Fig. 2c). Gene sets related to “cell cycle mitotic”, 
”Myc targets”,  “respiratory electron transport” and “proteasome pathway” were greatly 
enriched in Gata2+/- compared to WT (Fig. 2d and Suppl. Fig 2b), indicating that proliferation 
is upregulated in Gata2+/- LSK SLAM cells compared to WT. To test if the hyperproliferative 
transcriptome of BM HSCs results in increased proliferation of Gata2+/- HSCs, we conducted 
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a cell cycle analysis using Ki-67 and DAPI (K. H. Kim & Sederstrom, 2015; Szade et al., 2016; 
Whitfield et al., 2006). Gata2+/- LSK SLAM show a significant loss of quiescent G0 cells (WT 
73.8±2.2 vs Gata2+/- 52.2±7.6) and an acquisition of cells in the cell cycle as G1 (WT 13.8±1.6 
vs Gata2+/- 26.5±5.0) (Fig. 3a-b). In the less primitive Gata2+/- LSK population, we detected 
a significant increase in S cell cycle phase cells (WT 8.7 ± 1.0 vs Gata2+/- 15.8 ± 1.6) and 
an overall increase in proliferative cells (Suppl. Fig. 3a-b). The increase in cycling cells was 
specific for the more immature HSPC compartments (LSK and LSK SLAM) and not broadly 
present in the hematopoietic compartment like the LK cell population (Suppl. Fig. 3c). 
Taken together, these data indicate that Gata2+/- HSPCs gradually leave their quiescent state 
starting from embryonic stages.
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Figure 2. Adult Gata2+/- HSCs are transcriptionally hyperproliferative 
A) Percentage of LSK SLAM cells in bone marrow (BM) in WT (n=6) and Gata2+/- (n=7) during adulthood (3-6 
months) (mean± SEM).  B) PCA of adult show separation by genotype on principal component (PC) 1. C) Cytoscape 
Enrichment map representing significant networks (False discovery rate cutoff =0,25, P value cutoff=0,01, Edge 
cutoff=0,4, Node cutoff Q value =0,05), based on curated gene sets. Only clusters with more than 10 nodes were 
presented. D) Representative significantly different curated gene sets. NES: Normalized enrichment score, FDR: 
False discovery rate. *p<0.05.
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Gata2+/- HSPCs reduction does not affect myeloid progenitor potential 
The loss of quiescence concomitant with the number reduction of Gata2+/- HSCs can have 
multiple explanations. Even without significant gene sets specifically related to apoptosis in 
Gata2+/- HSPCs transcriptome, we tested apoptosis  as a possible mechanism reducing HSCs 
since it was previously suggested to affect Gata2+/- HSPCs (Rodrigues et al., 2005). We took 
advantage of the loss of phospholipid asymmetry of the plasma membrane in apoptotic 
cells and used the Annexin V affinity assay to detect differences in Gata2+/- apoptosis. 
However, In our hands, we could not detect a significant difference in LSK (Supp. Fig. 3d) 
and a LSK SLAM (Fig. 3c). The loss of quiescence can impair genomic integrity, inducing a 
DNA damage response (Lindahl & Barnes, 2000; Rossi et al., 2007). Considering that a gene 
set indicative of DNA repair is upregulated in Gata2+/- LSK SLAM cells (Fig. 2d), we decided 
to assess its involvement in the Gata2+/- phenotype. Ser139-phosphorylated H2AX histone 
(or γH2AX) accumulates in response to DNA damage and marks double strand breaks, 
which are hallmarks of proliferative stress (Mah et al., 2010; Rogakou et al., 1999). In a 
flow cytometry “DNA damage” assay, the γH2AX mean fluorescent intensity (MFI) tended 
to be higher in Gata2+/- HSPCs relative to controls, although no significant difference was 
detected (Fig. 3d). The lack of significant defects related to apoptosis or DNA damage, 
led us to speculate that the reduced HSPCs in Gata2+/- are an integral component of the 
haploinsufficient phenotype. Consequently, Gata2+/- HSPCs require higher proliferation in 
order to maintain adequate numbers of differentiated hematopoietic cells. Consequently, 
we next sought to investigate the role of Gata2 in the differentiation of phenotypic HSCs 
(LSK SLAM) and multipotent progenitors (MPPs or LSK CD48-CD150-) using an established 
methylcellulose assay. We analyzed differences via a Colony-Forming Unit (CFU) assay, using 
a semisolid medium implemented with cytokines, driving differentiation into myeloid and 
erythroid linages (MethoCult GF M3434). As input, we used an equal amount of LSK SLAM 
or MPPs and tested them in serial replating. No significant difference in the number or type 
of colonies was detected in the first plating for LSK SLAM (Fig. 3e) or MPPs (Supp. Fig. 3f) 
and following re-platings (Suppl. Fig. 3g), indicating an unaffected myeloid and erythroid 
differentiation potential in phenotypic HSCs and MPPs. 
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Figure 4. Aged Gata2+/- phenotypic HSCs maintain a reduced quiescence   
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cutoff=0,4, Node cutoff Q value =0,05), based on curated gene sets. Only clusters with more than 8 nodes were 
presented. D) Representative significantly different curated gene sets. E) Column graph representing the difference 
found in the cell cycle phases of LSK and (F) LSK SLAM. mean ±SEM, *p<0.05. NES: Normalized enrichment score, 
FDR: False discovery rate. 

Aged Gata2+/- maintain reduced phenotypic HSCs and loss of quiescence without 
developing overt hematological anomalies
In mice, the consequences of GATA2 haploinsufficiency on HSCs are less noticeable 
compared to humans due to the shorter longevity of the hematopoietic system (Collin 
et al., 2015). Our results pointed out higher proliferation in Gata2+/- HSCs. Consequently, 
we hypothesized necessary longer periods of time to exacerbate the mutational burden 
and observe further anomalies in Gata2+/-. Aging mice up to 15 months did not result in 
any blood abnormality (Suppl. Fig. 4a). Instead, the BM from aged mice maintained fewer 
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phenotypic HSCs (Fig. 4a), consistent with a persistently decreased HSC compartment 
throughout Gata2+/- life. Transcriptionally, Gata2+/- aged LSK SLAM are distinct from WT 
based on PC 1 (Fig. 4b). Overall, aged Gata2+/- gene sets related to cell cycle, DNA replication 
and proliferation remain elevated compared to WT (Fig. 4c). This is evident with “cell 
cycle mitotic”, “synthesis of DNA”, “mitotic G1_G1/S phases” and “MYC targets” gene sets 
upregulation (Fig. 4d and Suppl. Fig. 4b). Although, rare cell cycle related gene sets, like 
“Chang cycling genes”, appeared unperturbed or downregulated in Gata2+/- (Suppl. Fig 4b). 
Similarly to adult Gata2+/-, “proteasome pathway”, and “DNA repair” were upregulated 
in aged Gata2+/- (Fig. 4d). For example “proteasome” and “metabolism of amino acids 
and derivates” were upregulated, while “Translation” and “peptide chain elongation” 
were downregulated (Suppl. Fig 4b). Indicating an overall alteration of protein synthesis 
and degradation. Likewise, the upregulation of “base excision repair” and “regulation of 
apoptosis” (Suppl. Fig 4b) suggests higher genome instability. To confirm the loss of HSCs 
quiescence in aged Gata2+/-, we performed a cell cycle analysis. It confirmed that aged 
Gata2+/- mice possess significantly more LSK cells in S phase and G1 phase (Fig. 4e), with 
Gata2+/- LSK SLAM maintain a similar trend (Fig 4f). To summarize, Gata2+/- aged HSCs are 
less quiescent than WT and transcriptionally acquire characteristics of genome instability 
and protein degradation. 

Heterozygous loss of GATA2 recapitulates human haploinsufficiency phenotype after 
transplantation of aged HSCs
Inferring that HSCs steady state is suboptimal to reproduce and promote the progression 
of the human Gata2 deficiency, we performed sequential BM transplantation. 3x106 

nucleated BM cells of 14.5 to 15 months old mice of each genotype were transplanted 
into lethally irradiated WT mice (Fig. 5a). Chimerism, determined by CD45.2 expression 
(compared to CD45.1 expression from recipient mice cells) was over 90% from 2 months 
after transplantation (Fig. 5b). Concomitant to the high level of chimerism of donor BM 
cells, a specific loss of white blood cells (WBC) in Gata2+/- BM recipients’ blood was observed 
without any other apparent cellular anomaly. No difference in red blood cells (RBC), 
hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV) or platelets (Fig. 
5c) was measured. To confirm that the WBC are reduced, blood smears were performed. 
Blood smears from Gata2+/- aged transplanted mice showed clear reductions in white 
blood cellularity (Fig. 5d), confirming the leukopenia. This result shows that, after BM 
transplantation, Gata2+/- HSCs fitness is impaired, causing bone marrow failure.

1 2 3 4
0

5

10

15
WBC

10
6 /m

m
3

1 2 3 4
0

5

10

15
RBC

months after transplantation

10
6 /m

m
3

WT

1 2 3 4
0

500

1000

1500
PLT

10
3 /m

m
3

WT
Gata2+/- Gata2+/-

WT
Gata2+/-

months after transplantation months after transplantation

WT Gata2+/-

Blood smear

B

Figure 5

* **

0

50

100

Blood chimerism

Recipient (CD45.1)
Donor (CD45.2)

WT

Gata
2+

/-

WT WT WT

Gata
2+

/-

Gata
2+

/-

Gata
2+

/-

1 2 3 4
months after transplantation

C

D

A

%
 in

 b
lo

od
 

Figure 5. Gata2+/- bone marrow cells cause leukopenia in transplantation recipients
A) Graphic representation of WT and Gata2+/- mouse aging and following CD45.2 bone marrow transplantation 
(BMT) in CD45.1 lethally irradiated recipients. Only mice transplanted with Gata2+/- cells develop leukopenia. 
B) Blood chimerism in WT recipients of Gata2+/- and WT BM transplantation 1 to 4 months after transplantation. 
C) Blood values of BM transplantation recipients. Mice were transplanted using either WT or Gata2+/- aged donors 
bone marrow.  WBC:white blood cells, RBC: red blood cells, HGB: hemoglobin, PLT:platelets. ** = p < 0.01, * 
= p < 0.05. D) Representative blood smears of mice transplanted with WT or Gata2+/- BM cells 3 months after 
transplantation. 
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DISCUSSION

Since the generation of the first Gata2 deficient mouse model in 1994 (Tsai et al., 1994), 
GATA2 and related pathologies have been extensively studied. Despite characterizing major 
Gata2+/- HSPCs traits (Ling et al., 2004; Rodrigues et al., 2005), the Gata2+/- mouse model 
thus far did not recapitulate the hematologic deficiencies of GATA2 deficiency syndrome. 
Here, we examined the effect of aging on Gata2 haploinsufficient HSCs and found that the 
fitness of aged Gata2+/- HSCs is impaired, resulting in a failure to produce sufficient numbers 
of WBC. We assessed the underlying mechanism affecting Gata2 haploinsufficient HSPCs 
via RNA sequencing (RNA seq) and revealed that, starting from embryonic development, 
Gata2+/- phenotypic HSPCs are quantitatively scarce and hyperproliferative compared to WT. 

The onset of leukopenia after transplantation of aged Gata2+/- HSCs reflects a major 
aspect of human GATA2 deficiency (Collin et al., 2015; Rachel E. Dickinson et al., 2014; 
Nováková et al., 2016). Mononuclear cytopenia frequently precedes MDS/AML in GATA2 
deficiency (Nováková et al., 2016; Wlodarski et al., 2017), and the decline in absolute B, 
CD4 T, monocyte and NK cells is highly correlated with disease presence in GATA2 deficient 
patients (Donadieu et al., 2018; Spinner et al., 2014). Our finding represents the first 
observable blood abnormality derived from GATA2 haploinsufficient mice. The fact that we 
observe for the first time a blood condition derived by Gata2+/- cells is a key component for 
the reproducibility of the GATA2 deficiency in a mouse model. 

Our results indicate Gata2 as a critical factor for the maintenance of HSCs fitness upon 
aging. While aged Gata2+/- mice did not show an apparent hematological phenotype, the 
transplantation forced proliferation of HSCs, resulting in an additional source of stress and 
bone marrow failure. This  results revealed the necessity of supplementary stress factors, 
such as bone marrow transplantation, to recapitulate human GATA2 deficiency symptoms 
in mouse. Therefore, we do not exclude that a different combination of stress factors could 
trigger a similar outcome.

Although BM transplantation is evidently an artificial source of stress, collectively our 
studies suggest that the accumulation of proliferative stress supports the leukopenia in 
Gata2+/- recipients. If this is true,  infections or diseases causing a call for stem cell activity 
might promote the development of a phenotype in GATA2 patients, and possibly explain the 
variability in penetrance and expressivity. Considering the lack of insults the mouse immune 
system suffers in the aseptic conditions of the animal facility, it is foreseeable that HSCs are 
not challenged in this conditions and do not cause development of leukopenia.
In summary, we recapitulated a manifestation of the human GATA2 disorder in mice using 
bone marrow transplantation of aged Gata2+/- HSCs. Moreover, we identified the loss of 
quiescence as an attribute of the reduced Gata2+/- HSPCs compartment. Taken together, we 
provide a consistent methodology for reproducing a GATA2 deficiency associated disorder 
in Gata2+/- mice and identify HSPCs aberrancies as a possible cause of the disease outcome. 
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Supplementary Figure 1. A) Top 12 Gata2+/- upregulated genes in significantly upregulated gene sets (or Top 
12 downregulated genes in significantly downregulated gene sets). Red and blue square intensity represents 
respectively gene upregulation or downregulation.   
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Supplementary Figure 2. A) Blood values of adult WT and Gata2+/- mice. HCT: Hematocrit, MCV: Mean corpuscular 
volume, MCH: Mean corpuscular hemoglobin, MCHC: Mean corpuscular hemoglobin concentration, HGB: 
Hemoglobin, WBC: white blood cells, RBC: red blood cells, HGB: hemoglobin, PLT:platelets. B) Top 12 Gata2+/- 
upregulated genes in significantly upregulated gene sets. Red and blue square intensity represents respectively 
gene upregulation or downregulation.   
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SUMMARY

Hematopoietic stem cells (HSCs) provide the millions of differentiated blood cells we need in 
our everyday life. In blood we distinguish the lymphoid and myeloid lineage. The lymphoid 
lineage generates adaptive immune cells like T cells and B cells. The myeloid lineage generates 
erythrocytes for oxygen transport, megakaryocytes for coagulation and innate immune cells 
like neutrophils and monocytes. These lineages have to be produced at the right proportion 
to maintain these processes. Transcriptional regulation of HSCs is an essential mechanism to 
maintain a balanced production of blood cells, and the transcription factor GATA2 plays a key 
function in this process. GATA2 directs embryonic and adult hematopoiesis in vertebrates 
by occupying GATA-DNA motifs in numerous genes. Homozygous GATA2 mutations in mice 
are embryonically lethal, making it difficult to assess its function in the different aspects of 
hematopoiesis. Heterozygous germline GATA2 mutations in humans are the cause of a series 
of disorders called GATA2 deficiency syndromes. They lead to a spectrum of phenotypes 
including lymphedema, cytopenias and, in more than 80% of patients, MDS or leukemia. 
To date, there is no clear correlation between the patient phenotype and the type of 
GATA2 mutation. The exact role of GATA2 in HSCs generation, expansion, self-renewal and 
differentiation is still unknown. 

In this thesis, we focus on the hematopoietic consequences of GATA2 deficiency in 
zebrafish (chapter 2-3) and mouse (chapter 4). 

Zebrafish have two orthologues of GATA2; i.e., Gata2a and Gata2b. Previous studies have 
shown that gata2b is prominently expressed in HSPCs, whereas gata2a is mainly expressed 
in the vasculature. Being the predominant GATA2 orthologue required for the maintenance 
of hematopoietic stem cells, we targeted gata2b to generate a knockout zebrafish line 
adopted in chapters 2-3. Interestingly, the homozygous Gata2b mutant is viable, allowing us 
to assess the functionality of Gata2b in adult hematopoiesis.

In chapter 2 we characterize the effects of Gata2b homozygous knockout (gata2b-/-) in 
the hematopoietic system. Gata2b is required for the proliferation of hematopoietic stem 
and progenitor cells (HSPCs) during embryonic HSPCs expansion in the caudal hematopoietic 
tissue. Adult gata2b-/- HSPCs are more proliferative and their kidney marrow shows a 
lymphoid bias and a block in neutrophil differentiation. Single cell transcriptome analysis 
showed that the HSPCs were the origin of the increased lymphoid lineage output in gata2b-/- 

kidney marrow cells, due to a failure to initiate myeloid gene expression to sufficient levels 
and a subsequent co-expression of both myeloid and lymphoid genes in gata2b-/- HSPCs.

To evaluate the transcriptional and phenotypic consequences of half Gata2b dose in 
zebrafish hematopoiesis, in chapter 3 we assessed gata2b heterozygous zebrafish (gata2b+/-). 
We hypothesized that, with half Gata2b dose, zebrafish would still present reduced myeloid 
differentiation, although to a lesser extent than when knocking out gata2b homozygously. 
Instead, we observed an unprecedented erythroid dysplasia in the kidney marrow, but a 

conservation of the major differentiation lineages. The HSPC compartment also showed 
transcriptional changes fitting with the transcriptional changes as found in MDS.

The clear dichotomy in phenotypes between the heterozygous Gata2b mutant and 
the homozygous Gata2b mutant show that, depending on its dose, Gata2 has distinct 
functions in the maintenance of HSPCs and the subsequent differentiation into the different 
hematopoietic lineages. This could possibly explain the variable phenotypes found in GATA2 
patients. 

Mice, like humans, possess one copy of the Gata2 gene. Gata2 knock out (Gata2-/-)  
mouse embryos succumb before the generation of HSCs, while Gata2 heterozygous knock-
out mice (Gata2+/-) do not develop noticeable hematological phenotypes. We hypothesized 
that a transcriptional analysis of HSPCs would reveal unnoticeable peculiarities caused by 
Gata2 heterozygosity. In chapter 4 we found that Gata2+/- HSPCs are hyperproliferative and 
to determine the long term consequences of this condition, we let Gata2+/- mice age up 
to 14-15 months. Gata2+/- aged HSPCs remain hyperproliferative and caused a failure to 
produce sufficient numbers of white blood cells after bone marrow transplantation.

The onset of leukopenia after transplantation of aged Gata2+/- HSCs reflects a major 
aspect of human GATA2 deficiency and provides a consistent methodology for reproducing 
a GATA2 associated disorder in mice. Further experiments will be necessary to better 
characterize the leukopenia identified and to test if other stress factors can contribute to 
a similar outcome in a reduced time-span. Since aging is necessary for the leukopenia to 
occur, it is would be interesting addressing its role in the phenotype development such as 
bone marrow niche-mediated inflammation.

Collectively our findings provide insights into the biology of GATA2 and the hematopoietic 
consequences following its deficiency. They establish the human disease relevance of the 
Gata2+/- mouse model and spotlight an essential role for Gata2 in HSPCs lineage output/
proliferative stress in human GATA2 deficiency. These findings pave the way for further 
research on the synergism between HSPCs reduction, loss of quiescence and altered lineage 
output caused by Gata2 deficiency.
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5.2 GENERAL DISCUSSION

One gene, multiple roles in hematopoietic cell development and functions 
Transcription factors like GATA2 have key roles in directing the expression of lineage specific 
target-genes in the hematopoietic system. Gata2 has several different functions in the 
hematopoietic system. Gata2 is required for HSCs generation (Tsai et al., 1994), survival 
(de Pater et al., 2013), proper proliferation and differentiation (this thesis). In humans, 
around 90% of germline GATA2 pathogenic mutations are either missense or truncating, 
and considered to cause GATA2 haploinsufficiency (Cortés-Lavaud et al., 2015; Leubolt et al., 
2020; Wlodarski et al., 2017). Treatment of the diverse clinical presentations remains limited 
and the only potential cure is allogeneic HSC transplantation (Hirabayashi et al., 2017). Both 
hereditary and sporadic forms of GATA2 deficiency exist. Their clinical features include 
immunodeficiency, pulmonary, vascular/lymphatic dysfunctions and a strong propensity to 
develop MDS and AML (Spinner et al., 2014)(Fig.1).
 

GATA2 Deficiency

HSPCs
Depletion and Dysfunction

Endothelial Cell/
Vessel Defects

Lymphedema
InfectionsCytopenias Bone Marrow Stress

BMF
MDS
AML

Figure 1. Effects of GATA2 deficiency. Adapted from McReynolds et al (McReynolds et al., 2018). GATA2 deficiency 
patients have lymphedema secondary to effects on the vasculature, likely due to GATA2 activity at the endothelial 
cell level. Loss of GATA2 protein leads to hematopoietic stem and progenitor cell (HSPC) loss and dysfunction. 
This depletion can support cytopenias—B cells, dendritic cells, natural killer cells, and monocytes. The resultant 
immunodeficiency drives infections. Overall, these factors lead to bone marrow stress, hypocellularity and the 
ultimate developmentof bone marrow failure (BMF), myelodysplastic syndrome (MDS), and acute myeloid 
leukemia (AML).  The combination of continued HSC depletion, infections, and cytopenias stress the bone marrow 
creating an environment supportive for the development of MDS, which may lead to AML or CMML. 

Chapter 5

Since first described, GATA2 haploinsufficiency provides management difficulties due 
to the challanges in delineating the genotype to phenotype relationship. Given the 
heterogeneity in the mutational spectrum, age of onset and clinical manifestations, a 
standardized analysis of the effects of GATA2 mutations remains difficult. For instance, 
even members of the same family (identical GATA2 mutation) can present with different 
clinical outcomes, with disease latencies varying from 14 to 74 years of age (Mutsaers et 
al., 2013). The reasons for this wide array of phenotypes remain unexplained at present. 
Possibly, chronic pathogen challenges of the immune system (highly frequent in GATA2 
patients) could provide a pathophysiologic basis for myeloid neoplasms (Kristinsson et al., 
2011) in association with the GATA2 haploinsufficiency. Indeed, pancytopenia and bone 
marrow suppression are known complications of chronic infectious diseases (Achi et al., 
2013), and inflammatory stimulation and dysregulation of interferon signaling contribute 
to depletion of hematopoietic stem and progenitors (Essers et al., 2009; Lin et al., 2014; 
Matatall et al., 2016; Sato et al., 2009). On the other hand, mechanisms controlling the 
rate of allelic expression might have a role in disease progression. Our data suggests that 
different dosages of Gata2b have different effects on the hematopoietic system. In chapter 
2 we show that the lack of wild type gata2b expression in gata2b homozygous knockout 
zebrafish causes a shift in differentiation, while the heterozygous expression of the wild type 
gata2b causes erythrodysplasia (chapter 3). The distinct phenotypes demonstrate a gata2b 
dose-dependent effect on zebrafish hematopoiesis. Indeed, a recent study showed that 
leukemic blasts of AML patients display GATA2 allele specific expression more often than 
any other myeloid or cancer-related gene, and GATA2 mutated patients preferably express 
the mutant allele (Mulet-Lazaro 2021). These results suggest that the ratio of mutated vs 
wildtype allele expression could cause dose dependent effects. 

Interplay of different GATA family members in controlling hematopoiesis
All members of the GATA family of transcription factors (GATA1 to GATA6) possess zinc-
fingers domains responsible for binding the consensus DNA sequence (A/T)GATA(A/G). 
Given the simplicity of this sequence, GATA binding sites can be found scattered through 
the entire genome. Transcription factors can replace each other on these DNA binding 
sites but do not bind with the same affinity to all GATA sites. Distinct activities of the GATA 
members are predominantly determined by their temporal expression at distinct stages of 
hematopoietic development (Katsumura & Bresnick, 2017). GATA1, GATA2 and GATA3 are 
the hematopoietic regulators in this family. GATA1 is mostly involved in the development of 
erythroid (Fujiwara et al., 1996) and megakaryocyte progenitors (Martin et al., 1990), and 
required for their differentiation (Pevny et al., 1991; Shivdasani et al., 1997). While GATA3 
has an essential function in T cell differentiation (Ho et al., 2009), together with Gata2, it 
can partially rescue the erythroid phenotype in Gata1 deficient mice (Ferreira et al., 2007; 
Takahashi et al., 2000; Tsai et al., 1998). A strict regulation has been attributed to Gata1 and 
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Gata2 during erythroid differentiation since these transcription factors regulate the same 
binding sites in different steps of differentiation, in a process called GATA switch (Grass et 
al., 2006). These findings suggest that Gata2 is positively regulated by its protein product 
via binding its promoter (Grass et al., 2003; Vicente et al., 2012), while it gets repressed by 
GATA1, in partly by disrupting its autoregulation (Bresnick & Johnson, 2019). The erythroid 
dysplasia observed in gata2b+/- mice (chapter 3) might be suggestive of an aberrant Gata1 
compensation in zebrafish. The finding that Gata1 is not differentially expressed in bulk or 
scRNA sequencing of zebrafish gata2b+/- HSPCs may argue against this hypothesis. On the 
other hand, it is possible to have Gata1 compensation even if the level of its expression 
remains unaltered. An increased association rate of Gata1 to gene promoters in response 
to gata2b heterozygosity (Hasegawa et al., 2016) can make transcriptional upregulation not 
necessary for compensation. Consequently, we do not exclude that altered Gata factors 
binding to DNA can be causative of the phenotype. 

When one gene copy is not enough
For most genes, a single copy is enough for normal development and most heterozygous 
knockout mice result in no detectable phenotype (Seidman & Seidman, 2002). When 
a single copy of the wild type allele in diploid organisms is not sufficient to produce the 
standard phenotype (Morrill & Amon, 2019), haploinsufficiency occurs. About 300 human 
genes are known to be haploinsufficient (Dang et al., 2008) and, when mutated, can become 
the source of multiple health issues. Why only some genes cause haploinsufficiency and the 
mechanism behind their regulation, is not clear. The most recent hypothesis called “dose-
stabilizing” assumes that haploinsufficient genes have a narrow gene dosage range where 
gene products are limiting for fitness when under-expressed, while higher gene products 
are toxic, possibly because they interfere with cellular functions or because of a detrimental 
production and degradation of the excess product (Morrill & Amon, 2019).

In humans, GATA2 heterozygosity mainly causes haploinsufficiency (Cortés-Lavaud 
et al., 2015). Like other haploinsufficient genes, GATA2 balanced expression is necessary 
for proper homeostasis and consequently more than 90% of GATA2 mutant patients 
develop a life-threatening hematologic disease by 40 years of age (Donadieu et al., 2018). 
However, the age of onset and clinical manifestations widely vary and a small percentage 
of carriers remains asymptomatic. Using reverse genetics in inbred animal models we 
standardized the effects of Gata2 knockout. Whereas in zebrafish Gata2b heterozygous 
fish show erythrodysplasia (chapter 3), in mice, Gata2 heterozygosity (Gata2+/-) causes the 
development of a hematologic phenotype only under stress conditions. However, some 
genes can result in haploinsufficiency only under specific conditions. For instance, in yeast 
there is little overlap between haploinsufficient genes based on growth medium differences 
(Deutschbauer et al., 2005). Possibly, Gata2+/- mice did not meet the conditions to cause 
a phenotype like human GATA2 heterozygous patients. Based on the observation that 
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GATA2 patients’ phenotypes are strongly correlated with age, in chapter 4 we promoted 
Gata2 haploinsufficiency by ageing Gata2+/- mice and after bone marrow transplantation, 
observing a hematologic phenotype. These results support the notion that a Gata2 knockout 
background might require further challenges for haploinsufficiency to occur.

Proliferative and differentiation aspects of Gata2 dosage in hematopoiesis
HSCs are multipotent cells which rarely enter cell cycle (Orford & Scadden, 2008). However, 
a combination of different factors shapes their potency and dormancy. Both of these 
aspects are affected by Gata2 mutations in this thesis. In accordance to the dose-stabilizing 
hypothesis of haploinsufficiency, GATA2 overexpression and downregulation can both cause 
adverse consequences to the hematopoietic system. GATA2 can be found overexpressed 
in the bone marrow of acute myeloid leukemia (AML) patients and in leukemic blasts 
(Bullinger et al., 2004; Luesink et al., 2012; Vicente et al., 2012), while GATA2 gain of 
function mutations can be observed in chronic myeloid leukemia (Zhang et al., 2008). GATA2 
overexpression in vitro can cause cell cycle arrest and reduced colony forming capacity (Ezoe 
et al., 2002; Heyworth et al., 1999) and in vivo enforced GATA2 expression causes inhibition 
of cell cycle and differentiation (Persons et al., 1999; Tipping et al., 2009). If increasing 
Gata2 expression promotes quiescence, predictably a decrease in Gata2 expression would 
promote proliferation. Whereas a finding reported decreased cell cycle activity in Gata2+/- 

HSPCs (Rodrigues et al., 2005), in chapter 4, we identify that, starting from embryonic 
development, Gata2+/- phenotypic HSPCs are quantitatively scarce but lose quiescence 
compared to WT. These contrasting results have not been clarified yet and might be caused 
by multiple factors like the HSPC population taken in analysis, the growth conditions of the 
animals, or the different assays used. Consistent with the loss of quiescence, in chapter 2 
and 3, by knocking out Gata2b in zebrafish we observe a consistent transcriptional increase 
in proliferation. In chapter 2, Gata2b deficient cells almost entirely lose a quiescent HSPC 
subcluster and gain a proliferative subcluster while in chapter 3 we confirm a pivotal role 
for gata2b in cell cycle, observing DNA replication and ribosome biogenesis as the main 
upregulated transcriptionally characteristics representing gata2b+/- HSPCs. 

When considering the mechanisms governing Gata2 deficient proliferation, we 
hypothesized that the reduced HSPC population observed in Gata2+/- mouse embryos (de 
Pater et al., 2013; Gao et al., 2013, this thesis) and adults (Rodrigues et al., 2005, this thesis) 
could trigger a loss in quiescence as a compensatory mechanism. Gata2b deficient zebrafish 
instead, after HSCs amplification, re-acquire WT HSPCs numbers throughout adulthood, 
excluding that the reduction in HSPCs is a direct signal inducing their hyperproliferation 
in zebrafish. While the Gata2+/- proliferative changes observed in vitro suggest intrinsic 
signalling as an important factor in this regulation, extrinsic signalling might as well play 
an important role. Stress factors such as infections, cytopenias, ageing, chemotherapy, and 
bone marrow transplantation can force them out of dormancy and contribute actively to 
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hematopoiesis (Essers et al., 2009; Singh et al., 2020; Wilson et al., 2008). For example, 
cytokine signalling is a well-studied regulator of HSCs dormancy and could be involved in 
the proliferative phenotype observed in Gata2 deficiency. As cytokine signalling can direct 
lineage choice (Mossadegh-Keller et al., 2013; Rieger et al., 2009), it would be interesting to 
explore the niche signalling in this context. 

Like proliferation, differentiation has been observed to depend on Gata2 dosage. For 
example, GATA2 knockdown accelerates adipocyte differentiation from mesenchymal 
stromal cells (Kamata et al., 2014; Tong et al., 2000). While increasing Gata2 expression 
promotes quiescence, a lower level of overexpression promotes myeloid self-renewal and 
a block in lymphoid differentiation (Nandakumar et al., 2015). In humans, a lymphoid/
myeloid lineages loss has been observed previously in GATA2 deficient patients (Bigley & 
Collin, 2011), and recently appreciated transcriptionally in GATA2 deficient CD34+ cells 
(Wu et al., 2020). In gata2b knockout zebrafish (chapter 2), we observe repercussions 
involving analogous processes, with a lymphoid biased differentiation and a block in 
myeloid differentiation. These results are consistent with an essential function for Gata2b 
in maintaining myeloid differentiation and the lympho-myeloid commitment balance. 
In chapter 3, gata2b heterozygosity does not causes major shifts in differentiation, but 
supports the generation of erythroid dysplastic and (occasionally) myeloid dysplastic cells. 
In chapter 4 we show that mouse Gata2 heterozygous HSCs fail to produce sufficient white 
blood cells. In conclusion, previous research and the data presented in this thesis support 
the notion that Gata2 contributes to the regulation of HSC proliferation and coordinates 
their commitment toward lymphoid and myeloid lineages. 

From embryonic to chronic Gata2 deficiency: Consequences for the development of 
malignancy 
While acute stress can cause a burst of cycling HSCs, a chronic stress exposes HSCs to 
sustained proliferative signals which can result in loss of fitness and exhaustion (Baldridge et 
al., 2010; Ruzankina & Brown, 2007). The chronic hyperproliferation that we observe in Gata2 
deficient HSPCs is possibly the cause of the reduced self-renewal capacity of the Gata2+/- 
HSCs. Considering the germline nature of Gata2 pathogenic mutations and of the mutants 
used in this thesis, we tested whether embryonic defects might affect adult hematopoiesis. 
Besides, to assess whether longer time periods were required for haploinsufficiency to 
emerge, we aged heterozygous gata2b zebrafish and Gata2 mice. 

One of the main advantages of using zebrafish as an animal model is its transparency and 
the possibility to observe its embryogenesis in vivo. In chapter 2 we show that the generation 
of HSCs through endothelial to hematopoietic transition (EHT) tends to be reduced both 
in gata2b knockout heterozygous and homozygous zebrafish. The number of EHT events 
is directly proportional to the expression of the WT gata2b allele, indicating a supportive 
function for this transcription factor in the generation of hematopoietic stem cells. Instead, 
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we show that the expression of the other Gata2 orthologue, Gata2a, is necessary for the 
specification of hemogenic endothelium. In chapter 4 we confirm that Gata2+/- mice have 
an obvious loss of HSPCs during embryogenesis (Ling et al., 2004) and conclude that Gata2 
causes a reduction in HSPC generation during embryogenesis concomitant with higher 
proliferative signatures, already starting at the fetal liver stage.

Supported by the fact that GATA2 haploinsufficient patients’ phenotypes worsen with 
age, we aged Gata2+/- mice to assess the consequences of the accumulation of defects. 
The combination of transcriptional and functional analysis pointed to a loss of quiescence 
and proliferative stress. However, nor previous research (Ling et al., 2004; Rodrigues et 
al., 2005) nor our results highlighted anomalies in the blood of adult Gata2+/-. Repetitive 
BM transplantation causes a continuous call for stem cell function and, just like a loss in 
quiescence, can cause additive cell-autonomous effects, such as epigenetic dysregulation, 
mutations, and telomere erosion (Ermolaeva et al., 2018; Mejia-Ramirez & Florian, 2020). 
However, Gata2+/- repetitive bone marrow transplantation (BMT) of Gata2+/- young adults 
did not support the development of a blood disorder in recipients (Rodrigues et al., 
2005). These results indicate that proliferative stress, on its own, is not enough to cause 
a disorder in Gata2+/-. Instead, Gata2 heterozygous HSCs are exhausted only after ageing 
and transplantation. Ageing can cause an additional HSPC extrinsic mis-regulation like a 
chronically inflamed, oxidative stressed microenvironment (Kovtonyuk et al., 2016; Tower, 
2012), which can induce maladaptive transformations in HSPCs (Raaijmakers et al., 2010; 
Walkley et al., 2007; Zambetti et al., 2016). GATA2 is expressed in both hematopoietic 
and non-hematopoietic cells, including mesenchymal, endothelial, adipocyte, eosinophil, 
erythroid progenitor and megakaryocytic cells (Minami et al., 2004; Tong et al., 2000; Tsai 
& Orkin, 1997). These cells comprise a relevant part of the HSCs microenvironment but 
play a still unexplored role in the pathogenesis of germline GATA2 deficiency. It would 
be interesting to explore whether the aging microenvironment alone or the fact that the 
environment is also Gata2 haploinsufficient, contribute to the HSC exhaustion phenotype.  

Conclusion and perspectives:
The work described in this dissertation was aimed at better understanding the consequences 
of GATA2 deficiency. For this purpose, we adopted Gata2 deficient zebrafish and mouse 
models, with a particular focus on the transcriptional consequences in Gata2 deficient 
HSPCs. 

In chapter 2, Gata2b homozygous knockout (gata2b-/-) zebrafish revealed a role for 
this transcription factor in proliferation and lineage commitment of early hematopoietic 
progenitor cells. Adult gata2b-/- kidney marrow shows a lymphoid bias and a block in 
neutrophil differentiation. In chapter 3, Gata2b heterozygous knockout (gata2b+/-) zebrafish 
exposed the necessity of unaltered levels of Gata2b to avoid the development of dysplasia. 
Gata2b heterozygosity causes dysplasia in erythroid progenitors of zebrafish kidney marrow.
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Taken together, the findings in chapter 2 and 3 highlight the importance of adequate 
levels of Gata2b in directing HSCs commitment and differentiation of myeloid, lymphoid and 
erythroid lineage cells. Moreover, we reveal that Gata2a is required during embryogenesis 
for the specification of hemogenic endothelium, upstream of Gata2b, while Gata2b acquires 
significant functions during HSPCs expansion and adulthood. 

Different dosages of Gata2b result in distinct phenotypes, including cytopenia, loss of 
differentiation and dysplasia, suggesting a possible relation of GATA2 levels to the clinical 
outcome of GATA2 deficient patients. Variation of WT GATA2 expression levels occur 
frequently in GATA2 patients via allele-specific expression (ASE), reaching a 95% chance 
when associated with CEBPA double mutations (Mulet-Lazaro et. al 2021). GATA2 is the most 
recurrent gene with ASE in AML and the variations in its expression levels are crucial aspects 
for understanding the mechanism responsible for the manifestations of GATA2 deficiency.  
We addressed this aspect analysing the consequences of different gata2b expression levels 
in zebrafish. 

The lack of gross morphologic abnormalities or MDS\AML in our fish does not undervalue 
our research. Instead it highlights how GATA2 de-regulation represents a predisposition 
which requires further stress factors, like an infection challenge or secondary mutations, 
to cause the development of severe cytopenias and MDS/AML. Future experiments in 
this direction are likely necessary to determine the relation of GATA2 predisposition with 
environmental factors for the phenotype occurrence, particularly considering the variable 
penetrance observed in patients.

In chapter 4 we examined the effects of Gata2 haploinsufficiency at different time 
points in mice and found that the fitness of aged Gata2+/- HSCs is impaired, resulting in 
a failure to produce sufficient numbers of WBC after bone marrow transplantation. The 
onset of leukopenia is the first observable mouse blood phenotype derived from GATA2 
haploinsufficient HSCs and reflects a major aspect of human GATA2 deficiency. This 
cytopenic model represents a valuable method for recapitulating characteristics of human 
GATA2 deficiency in rodents. In patients, possibly the combination of low HSCs numbers 
and proliferative stress supports the cytopenias and marrow dysplasia, leading to clonal 
hematopoiesis and malignant transformation. In our model, the increased proliferative 
stress and aging likely promote leukopenia. Aging is associated with the accumulation of 
somatic mutations and we are curious to test for acquired driver mutations in our model. 
Another hallmark related to aging and malignancy is clonal hematopoiesis. If the leukopenia 
we observed in our model represents a pre-malignant state, evidence for an increased 
clonal hematopoiesis would be strong evidence in its support.  
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ENGLISH SUMMARY

Hematopoietic stem cells (HSCs) provide the millions of differentiated blood cells we need in 
our everyday life. In blood we distinguish the lymphoid and myeloid lineage. The lymphoid 
lineage generates adaptive immune cells like T cells and B cells. The myeloid lineage generates 
erythrocytes for oxygen transport, megakaryocytes for coagulation and innate immune cells 
like neutrophils and monocytes. These lineages have to be produced at the right proportion 
to maintain these processes. Transcriptional regulation of HSCs is an essential mechanism to 
maintain a balanced production of blood cells, and the transcription factor GATA2 plays a key 
function in this process. GATA2 directs embryonic and adult hematopoiesis in vertebrates 
by occupying GATA-DNA motifs in numerous genes. Homozygous GATA2 mutations in mice 
are embryonically lethal, making it difficult to assess its function in the different aspects 
of hematopoiesis. Heterozygous germline GATA2 mutations in humans are the cause 
of a series of disorders called GATA2 deficiency syndromes. They lead to a spectrum of 
phenotypes including lymphedema, cytopenias and, in more than 80% of patients, MDS or 
leukemia. To date, there is no clear correlation between the patient phenotype and the type 
of GATA2 mutation. The exact role of GATA2 in HSCs generation, expansion, self-renewal and 
differentiation is still unknown. 

In this thesis, we focus on the hematopoietic consequences of GATA2 deficiency in 
zebrafish (chapter 2-3) and mouse (chapter 4). 

Zebrafish have two orthologues of GATA2; i.e., Gata2a and Gata2b. Previous studies have 
shown that gata2b is prominently expressed in HSPCs, whereas gata2a is mainly expressed 
in the vasculature. Being the predominant GATA2 orthologue required for the maintenance 
of hematopoietic stem cells, we targeted gata2b to generate a knockout zebrafish line 
adopted in chapters 2-3.  Interestingly, the homozygous Gatat2b mutant is viable, allowing 
us to assess the functionality of Gata2b in adult hematopoiesis.

In chapter 2 we characterize the effects of Gata2b homozygous knockout (gata2b-/-) in 
the hematopoietic system. Gata2b is required for the proliferation of hematopoietic stem 
and progenitor cells (HSPCs) during embryonic HSPCs expansion in the caudal hematopoietic 
tissue. Adult gata2b-/- HSPCs are more proliferative and their kidney marrow shows a 
lymphoid bias and a block in neutrophil differentiation. Single cell transcriptome analysis 
showed that the HSPCs were the origin of the increased lymphoid lineage output in gata2b-/- 

kidney marrow cells, due to a failure to initiate myeloid gene expression to sufficient levels 
and a subsequent co-expression of both myeloid and lymphoid genes in gata2b-/- HSPCs.

To evaluate the transcriptional and phenotypic consequences of half Gata2b dose in 
zebrafish hematopoiesis, in chapter 3 we assessed gata2b heterozygous zebrafish (gata2b+/-). 
We hypothesized that, with half Gata2b dose, zebrafish would still present reduced myeloid 
differentiation, although to a lesser extent than when knocking out gata2b homozygously. 
Instead, we observed an unprecedented erythroid dysplasia in the kidney marrow, but a 
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conservation of  the major differentiation lineages. The HSPC compartment also showed 
transcriptional changes fitting with the transcriptional changes as found in MDS.

The clear dichotomy in phenotypes between the heterozygous Gata2b mutant and 
the homozygous Gata2b mutant show that, depending on its dose, Gata2 has distinct 
functions in the maintenance of HSPCs and the subsequent differentiation into the different 
hematopoietic lineages. This could possibly explain the variable phenotypes found in GATA2 
patients. 

Mice, like humans, possess one copy of the Gata2 gene. Gata2 double knock out (Gata2-/-)  
mouse embryos succumb before the generation of HSCs, while Gata2 heterozygous knock-
out mice (Gata2+/-) do not develop noticeable hematological phenotypes. We hypothesized 
that a transcriptional analysis of HSPCs would reveal unnoticeable peculiarities cause by 
Gata2 heterozygosity. In chapter 4 we found that Gata2+/- HSPCs are hyperproliferative and 
to determine the long term consequences of this condition, we let Gata2+/- age up to 14-
15 months. Gata2+/- aged HSPCs remain hyperproliferative and cause a failure to produce 
sufficient numbers of white blood cells after bone marrow transplantation.

The onset of leukopenia after transplantation of aged Gata2+/- HSCs reflects a major 
aspect of human GATA2 deficiency and provides a consistent methodology for reproducing 
a GATA2 associated disorder in mice. Further experiments will be necessary to better 
characterize the leukopenia identified and to test if other stress factors can contribute to 
a similar outcome in a reduced time-span. Since aging is necessary for the leukopenia to 
occur, it is would be interesting addressing its role in the phenotype development such as 
bone marrow niche-mediated inflammation.

Collectively our findings provide insights into the biology of GATA2 and the hematopoietic 
consequences following its deficiency. They establish the human disease relevance of the 
Gata2+/- mouse model and spotlight an essential role for Gata2 in HSPCs lineage output/
proliferative stress in human GATA2 deficiency. These findings pave the way for further 
research on the synergism between HSPCs reduction, loss of quiescence and altered lineage 
output caused by Gata2 deficiency.
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NEDERLANDSE SAMENVATTING

Hematopoëtische stamcellen (HSC’s) leveren de miljoenen gedifferentieerde bloedcellen 
die we in ons dagelijks leven nodig hebben. In bloed kunnen we een onderscheid maken 
tussen bloedcellen van lymfoïde en myeloïde afkomst. De lymfoïde tak levert adaptieve 
immuuncellen zoals T-cellen en B-cellen. De myeloïde tak genereert erytrocyten voor 
zuurstoftransport, megakaryocyten voor coagulatie, en aangeboren immuuncellen zoals 
neutrofielen en monocyten. Deze verschillende bloedcellen moeten in de juiste verhouding 
worden geproduceerd om deze processen in stand te houden. Transcriptionele regulatie van 
HSC’s is een essentieel mechanisme om een gebalanceerde productie van bloedcellen te 
behouden, en de transcriptiefactor GATA2 vervult een sleutelrol in dit proces. 

GATA2 stuurt embryonale en volwassen hematopoëse in gewervelden door de GATA-
DNA-motieven van talrijke genen te bezetten. Homozygote GATA2-mutaties zijn in muizen 
embryonaal dodelijk, waardoor het moeilijk is om de functie van GATA2 in de verschillende 
aspecten van hematopoëse vast te stellen. Heterozygote kiembaan GATA2-mutaties in 
mensen zijn de oorzaak van een reeks aandoeningen die als GATA2-deficiëntiesyndromen 
worden aangeduid. Ze leiden tot een spectrum van fenotypes, waaronder lymfoedeem, 
cytopenieën, en bij meer dan 80% van de patiënten, MDS of leukemie. 

Tot op heden is er geen duidelijk verband tussen het fenotype van de patiënt en het 
type GATA2-mutatie. De exacte rol van GATA2 bij het genereren, vermenigvuldigen, zelf-
vernieuwen en differentiëren van HSC’s is nog onbekend. In dit proefschrift richten we ons 
op de hematopoëtische gevolgen van GATA2-deficiëntie bij zebravissen (hoofdstuk 2-3) en 
muizen (hoofdstuk 4). 

Zebravissen hebben twee orthologen van GATA2: Gata2a en Gata2b. Eerdere studies 
hebben aangetoond dat gata2b prominent tot expressie komt in HSPC’s, terwijl gata2a 
voornamelijk tot expressie komt in het bloedvatenstelsel. Aangezien dat de eerste dé GATA2 
ortholoog is die nodig is voor het behoud van  hematopoëtische stamcellen, hebben 
we ons gericht op  gata2b  om een  knock-out zebravislijn te generen waar gebruik  van 
is gemaakt in hoofdstukken 2-3. Opvallend is dat de homozygote Gatat2b-mutant 
levensvatbaar is, waardoor we de functie van Gata2b in volwassen-hematopoëse kunnen 
bepalen. In hoofdstuk 2 karakteriseren we de effecten van Gata2b homozygote knock-
out (gata2b-/-) in het hematopoëtische systeem. Gata2b is nodig voor de proliferatie van 
hematopoëtische stam- en voorlopercellen (HSPC’s) tijdens embryonale HSPC-expansie in 
het caudale hematopoëtische weefsel. Volwassen gata2b-/- HSPC’s zijn meer proliferatief 
en hun niermerg vertoont een lymfoïde neiging en een blokkade in neutrofieldifferentiatie. 
Eencellige transcriptoomanalyse toonde aan dat de HSPC’s de bron waren van de verhoogde 
lymfoïdecellen productie in gata2b-/- niermergcellen, als gevolg van het niet voldoende 
induceren van myeloïde genexpressie en een daaropvolgende co-expressie van zowel 
myeloïde als lymfoïde genen in gata2b-/- HSPC’s.
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Om de transcriptionele en fenotypische gevolgen van een halve dosis Gata2b voor de 
hematopoëse van de zebravis te evalueren, hebben we in hoofdstuk 3 gata2b heterozygote 
zebravis (gata2b +/-) onderzocht. Onze hypothese was dat zebravissen met een halve Gata2b-
dosis ook een verminderde myeloïde differentiatie zouden vertonen, zij het in mindere 
mate dan bij het homozygote deficiëntie van gata2b. In plaats daarvan observeerden we 
een ongekende erytroïde dysplasie in het niermerg, maar een behoud van de belangrijkste 
differentiatielijnen.

Het HSPC-compartiment vertoonde ook transcriptionele veranderingen die over-
eenkomen met de transcriptionele veranderingen gevonden in humane MDS. Dit zou 
mogelijk de variabele fenotypes kunnen verklaren die worden aangetroffen bij GATA2-
patiënten. 

Muizen bezitten, net als mensen, één kopie van het Gata2-gen. Gata2 dubbele knock-out 
(Gata2-/-) muizenembryo’s bezwijken vóór de generatie van HSC’s, terwijl Gata2 heterozygote 
knock-out muizen (Gata2+/-) geen merkbare hematologische fenotypes ontwikkelen. 
We hypothetiseerden  dat  een transcriptionele analyse van HSPC’s onopgemerkte 
eigenaardigheden, die door Gata2 heterozygotie werden veroorzaakt, zou onthullen. 

In hoofdstuk 4 ontdekten we dat Gata2+/- HSPC’s hyperproliferatief zijn en om de 
langetermijngevolgen van deze aandoening te bepalen, hebben we Gata2+/- muizen tot 14-
15 maanden oud laten worden.  Gata2+/- verouderde HSPC’s blijven hyperproliferatief  en 
veroorzaken een onvoldoende productie van wittebloedcel  aantallen na been-
mergtransplantatie. Het begin van leukopenie na transplantatie van verouderde Gata2+/-  
HSC’s weerspiegelt een belangrijk aspect van menselijke GATA2-deficiëntie en biedt een 
consistente methodologie voor het reproduceren van een GATA2-geassocieerde aandoening 
in muizen. Verdere experimenten zullen nodig zijn om de geïdentificeerde leukopenie beter 
te karakteriseren en om uit te zoeken of andere stressfactoren kunnen bijdragen aan een 
vergelijkbaar fenotype in een kortere tijdspanne. Aangezien veroudering noodzakelijk is om 
leukopenie te laten optreden, zou het interessant zijn om de rol hiervan in de ontwikkeling 
van het fenotype, zoals bij niche-gemedieerde ontsteking van het beenmerg, aan te pakken. 

Gezamenlijk bieden onze bevindingen inzicht in de biologie van GATA2 en de hemato-
poëtische gevolgen die na deficiëntie hiervan ontstaan. Ze stellen de relevantie van het Gata2 +/-  

muismodel voor de menselijke ziekte vast en benadrukken een essentiële rol voor Gata2 in 
HSPC- myeloïde/lymfoïde productie en proliferatieve stress in humane GATA2-deficiëntie. 
Deze bevindingen maken de weg vrij voor verder onderzoek naar de synergie tussen HSPCs-
reductie, verlies van rust, en gewijzigde myeloïde/lymfoïde verhouding veroorzaakt door 
Gata2-deficiëntie.
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LIST OF ABBREVIATIONS

AGM	 Aorta-gonad-mesonephrons
AML	 Acute myeloid leukemia
BM	 Bone marrow
CD	 Cluster of differentiation
CFU		  Colony-forming unit
CHT		  Caudal hematopoietic tissue
CLP		  Common lymphoid progenitor
CML		  Chronic myelogenous leukemia
CMML	 Chronic myelomonocytic leukemia
CMP		  Common myeloid progenitor
DC		  Dendritic cell
E		  Embryonic day
EHT		  Endothelial to hematopoietic transition
ES		  Enrichment score
FACS		  Fluorescence activated cell sorting
FC		  Fold change
FDR		  False discovery rate
FPKM	 Fragments per kilobase of exon per million fragments mapped
FWD 		 Forward
G-CSF	 Granulocyte colony-stimulating factor
GFP		  Green fluorescent protein
GO		  Gene ontology
GSEA		 Gene set enrichment analysis
γH2AX	 Ser139-phosphorylated H2AX histone
HSC		  Hematopoietic stem cell
HPC		  Hematopoietic progenitor cell
HPV		  Human papillomavirus
HSPC 	 Hematopoietic stem and progenitor cell
LOF		  Loss of function
LSK		  Lineage negative C-kit positive Sca-1 positive
LT-HSC	 Long-term HSC
MDS		  Myelodysplastic syndromes
MFI		  Mean fluorescence intensity
MGG		 May Grünwald Giemsa
MonoMac	 Monocytopenia and Mycobacterium Avium infection
MPP		  Multipotent progenitor
NK		  Natural killer cell
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NTM 		 nontuberculous mycobacterial
PCA		  Principal component analysis
RBC		  Red blood cell
REV		  Reverse
ROS		  Reactive oxygen species
SPF		  Specific-pathogen-free
ST-HSC	 Short-term HSC
WBC		  White blood cell
WT		  Wild type
ZF		  Zinc finger
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International society of experimental hematology (Poster) (Frankfurt)	 2017	 1

Hematology floor meetings (Oral 4x)	 2016-2020	 2

2. Teaching, Supervision & Organization Activities	
Organization of PhD day	 2017	 0.2

Organization and supervision PhD lunch with invited speakers (3x)	 2017-2019	 0.6
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