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Abstract

Hematopoietic stem cells (HSCs) are tightly controlled to keep a balance between myeloid and lymphoid
cell differentiation. Gata2 is a pivotal hematopoietic transcription factor required for HSC generation
and maintenance. We generated a zebrafish mutant for the mammalian Gata2 orthologue, gata2b. We
found that in adult zebrafish, gata2b is required for both neutrophilic- and monocytic lineage
differentiation. Single cell transcriptome analysis revealed that the myeloid defect present in Gata2b
deficient zebrafish arise in the most immature hematopoietic stem and progenitor cell (HSPC)
compartment and that this population is instead committed towards the lymphoid and erythroid
lineage. Taken together, we find that Gata2b is vital for the fate choice between the myeloid and
lymphoid lineages.
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Introduction

Hematopoietic stem cells (HSCs) have the capacity to self renew and to generate all lineages of the
hematopoietic system (Sawai et al., 2016). Importantly, the HSC pool is a heterogeneous population of
cells which are tightly controlled to maintain a balance between myeloid and lymphoid cell commitment
(Dykstra et al., 2007; Muller-Sieburg et al., 2004; Sanjuan-Pla et al., 2013; Yamamoto et al., 2013).
Factors like aging or the microenvironment affect the lineage choice of HSCs (Gekas and Graf, 2013;
Pinho et al., 2018). However, little is known about cell-intrinsic regulators of the fate choice between
myeloid and lymphoid lineage differentiation. As defects in lineage differentiation contribute to a
variety of hematological diseases such as bone marrow failure syndromes, myelodysplastic syndromes
(MDS) and acute myeloid leukemia (AML), it is vital to understand the regulation of lineage commitment
in HSPCs.

The adult hematopoietic system is generated from the definitive wave of embryonic hematopoiesis and
the first HSCs transdifferentiate from specialized hemogenic endothelium (HE) of the dorsal aorta at
embryonic day (E)10.5. This transdifferentiation takes place in the aorta-gonad-mesonephros region
(AGM) through a process known as endothelial-to-hematopoietic transition (EHT). This process is highly
conserved among species (Bertrand et al., 2010a; Boisset et al., 2010; Jaffredo et al., 1998; Kissa and
Herbomel, 2010; Medvinsky and Dzierzak, 1996).

In mouse and human, Gata2 is required for embryonic HSC generation (de Pater et al., 2013; Gao et al.,
2013; Huang et al., 2015; Kang et al., 2018). Germline deletion of Gata2 in mice results in embryonic
lethality at E10, just before the generation of the first HSCs (Tsai et al., 1994). Gata2 expression is tightly
regulated during distinct stages of embryonic development and Gata2 plays crucial roles in the
specification of hemogenic endothelium and the generation and maintenance of HSCs (de Pater et al.,
2013; Gao et al., 2013; Johnson et al., 2015; Mehta et al., 2017; Snow et al., 2010). Gata2 has also been
implicated in myeloid differentiation, supported by studies showing that hematopoietic stem and
progenitor cells (HSPCs) from mice with heterozygous loss-of-function mutations in Gata2 have reduced
granulocytic and monocytic potential (Ling et al., 2004; Rodrigues et al., 2008; Rodrigues et al., 2005)
and Gata2 is expressed in several myeloid cell populations (Kauts et al., 2018; Zon et al., 1993). A role for
Gata2 in myeloid/lymphoid lineage differentiation is further supported by that the fact that
overexpression of Gata2 resulted in a block in lymphoid differentiation (Nandakumar et al., 2015) and
that in human embryonic stem cell cultures GATA2 knockout cells are incapable of generating
granulocytes (Huang et al., 2015; Kang et al., 2018).

Due to its embryonic lethality in mice, in vivo studies of the function of Gata2 in lineage commitment
and differentiation are cumbersome. Also, the various roles Gata2 plays during embryonic development
make it difficult to dissect its exact function during the processes of HE specification, EHT and lineage
differentiation. Zebrafish are an ideal in vivo model to study the function of Gata2 in hematopoiesis,
because the embryonic stages do not depend on the hematopoietic system for survival (Driever et al.,
1996; Haffter et al., 1996). Moreover, zebrafish embryonic hematopoietic development resembles that
of mammals. For instance, like in mice, the first HSCs are generated in the AGM region and then
amplified in the caudal hematopoietic region (CHT), which functions as the fetal liver homologue in
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zebrafish (Bertrand et al., 2010a; Bertrand et al., 2010b; Ciau-Uitz et al., 2014; Kissa and Herbomel|,
2010; Tamplin et al., 2015; Warga et al., 2009). In zebrafish, adult hematopoiesis takes place in the
kidney marrow instead of the bone marrow (Traver et al., 2003). The kidney marrow contains all
hematopoietic lineages and morphology of hematopoietic cells is comparable to human hematopoietic
cells (Davidson and Zon, 2004).

Zebrafish have two orthologues of Gata2; Gata2a and Gata2b. Previous studies have shown that gata2b
is more prominently expressed in HSPCs whereas Gata2a is mainly expressed in the vasculature.
Knockdown of gata2b severely reduces definitive hematopoiesis during embryonic stages and lineage
analysis revealed that all definitive hematopoietic cells once expressed gata2b (Butko et al., 2015),
indicating that Gata2b is the predominant Gata2 orthologue required for the maintenance of
hematopoietic stem cells.

The present study features the role of Gata2b in hematopoietic cell development. We show that HSPC
generation is not affected in gata2b” embryos, but that the number of HSPCs is reduced at 76 hours
post fertilization (hpf) in the CHT after the first amplification phase. In addition, we show that in adult
zebrafish, Gata2b is required for differentiation of the neutrophil and monocyte lineage. Prospective
isolation and transcriptome analysis of the phenotypic HSC compartment showed overexpression of
several lymphoid lineage markers in Gata2b deficient cells. Furthermore, single cell transcriptome
analysis revealed that the majority of Gata2b deficient immature HSPCs have an increased proliferation
signature and a lymphoid lineage transcriptional profile. Together these data show a pivotal role for
Gata2b in HSPC expansion during embryogenesis and in adults in the lineage choice between myeloid
and lymphoid lineage differentiation.

Results
Gata2b is dispensible for generation of hematopoietic stem cells

To generate Gata2b mutants, we used CRISPR/Cas9 to target the third exon of gata2b located upstream
of the DNA and protein binding zinc fingers (znf) which are encoded by the fifth and the sixth exon
(Figure 1A). A 28 bp integration was introduced in the third exon leading to a frameshift truncation from
amino acid 185 (Figure 1B, C, D). Hereafter, we refer to this mutant as gataZb'/'.

Because HSCs are generated through EHT, we first analysed the number of EHT events in gataZb'/'
embryos. We visualized EHT using Tg(Flila:GFP), marking all endothelial cells including hemogenic
endothelium, and quantified the cells that underwent EHT in a 5 somite pair (sp) region using time-lapse
confocal microscopy (Figure 1E, F). gataZb'/' embryos showed a trend towards reduced EHT events
between 32-40 hours post fertilization (hpf) (P = 0.077, Figure 1F and Table 1) but no significant
difference was detected in EHT events between WT and Gata2b deficient animals. HE is marked by cmyb
at 26 hours post fertilization (hpf) (Bertrand et al., 2010a; Bertrand et al., 2008). To enumerate HE we
quantified cmyb expression by measuring pixel intensity of the in situ hybridization (ish) staining
compared to background (Dobrzycki et al., 2018) in the AGM region at 26 hpf, the earliest time of EHT
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events in zebrafish (Figure 1G, H). Expression of cmyb is not altered between WT and Gata2b deficient
embryos at 26 hpf, indicating that specification of hemogenic endothelium occurs normally in the
absence of Gata2b (Figure 1H and Table 1). Taken together, these experiments indicate that
quantitatively HSPC generation through EHT is not or only marginally affected in gata2b”” embryos.

Gata2b is required for embryonic definitive hematopoiesis

To analyse the effect of Gata2b deficiency on definitive hematopoiesis, we used a combination of
phenotypic markers to investigate transcriptional integrity of HSPCs. HSPCs, which are generated in the
AGM region, are marked by cmyb expression and can be visualized by in situ hybridization (North et al.,
2007). Although the generation of HSPCs is not affected by Gata2b deletion (Figure 1H), from 33 hpf
onward the expression of cmyb is significantly reduced in the AGM region of gata2b” embryos
compared to WT (Figure 2A,B and Table 1). Similarly, cmyb expression is reduced in the CHT of gataZb'/'
embryos at 56 hpf, when HSPCs are expanded (Figure 2C,D and Table 1). From 44 hpf onward, HSPCs
are marked by the coexpression of Tg(CD41:GFP) and the arterial marker Tg(FIt:RFP) as definitive HSPCs
are derived from arteries (Bussmann et al., 2010; Ma et al., 2011) (Figure 2E). CD41:GFP*FIt:RFP" cells
were unchanged at 52-54 hpf in gataZb'/'embryos compared to WT (Figure 2F and Table 1) and 58-60
hpf in gata2b” embryos compared to WT (Figure 2G and Table 1). However, at 76 hpf,
CD41:GFP*FIt:RFP* cells were reduced in the CHT in gataZb'/'embryos compared to WT (Figure 2H and
Table 1). From 52 hpf to 76 hpf, the number of HSPCs increased rapidly in the CHT in WT embryos (6.5
fold) whereas a smaller increase in gata2b”” embryos was observed (3.1 fold from 52 hpf to 76 hpf). The
discordance between the CD41 marker analysis and the cmyb expression indicates that the lower
expression of cmyb in gataZb'/' HSPCs anticipates the decrease in phenotypic HSPCs. These findings
indicate that during the amplification phase of gata2b” embryos there might be either a selection of a
subclass of definitive hematopoietic cells or a general impairment in cell division.

Lack of Gata2b leads to reduced myeloid differentiation, lymphoid bias and an accumulation of pro-
erythroblasts in adult kidney marrow

Maternal-zygotic gataZb'/' embryos survive to adulthood in mendelian ratios (Figure S2A, B). Because
Gata2 has been implicated in myeloid differentiation in the mouse (Rodrigues et al., 2008), we asked
whether hematopoietic differentiation was affected during embryonic development. Lymphoid and
myeloid differentiation was normal in Gata2b deficient embryos as determined by lineage marker
analysis (Figure S1). Next, we investigated hematopoietic lineage differentiation in the adult gata2b”
kidney marrow (KM) by scatter profile analysis, transgenic marker analysis and morphological analysis
(Ellett et al., 2011; Ma et al., 2011; Renshaw et al., 2006; Traver et al., 2003). While gataZb'/'embryos
did not show signs of altered lineage differentiation (Figure S1), scatter profile analysis of adult gata2b”
zebrafish KM showed a significant reduction in the myeloid gate of 3-5 month post fertilization (mpf)
zebrafish (Figure 3A, B and Table S1) and a relative increase in the HSPC and lymphocytes gate (31.9% +
1.6 vs 19.4% + 1.2, gata2b” vs WT)(Figure 3A, B and Table S1).
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To specifically address which lineage was affected by the loss of Gata2b, gataZb'/' zebrafish were
crossed with several transgenic lines, marking specific hematopoietic cell populations. Analysis of
Tg(mpx:GFP) zebrafish showed a severe reduction in mature neutrophils in gata2b” kidney marrow
(Figure 3C, D and Table S1). Sorted mpx:GFP* cells from Tg(mpx:GFP) WT and gata2b” zebrafish showed
that the remaining gata2b”” mpx:GFP"* cells show a more immature neutrophil morphology (Figure 3E),
indicating that Gata2b is required for normal neutrophil differentiation. Additionally, morphological
analysis of kidney marrow smears taken from 9 month old (Figure 3F) and 18 month old (Figure 3G)
zebrafish kidneys showed that gata2b”” zebrafish developed an erythroid lineage bias, ultimately leading
to an accumulation of pro-erythroblasts at 18 months post fertilization as detected by the quantitation
of kidney marrow smears (Figure 3H). Furthermore, the kidney marrow smears showed an almost
complete absence of monocytes, segmented neutrophils and the more immature rod shaped
neutrophils, confirming that myeloid differentiation was severely compromised (Figure 3H).

Adult gata2b” phenotypic HSPCs show upregulation of lymphoid transcription factors

Because Gata2 is also required for HSC maintenance in mice (de Pater et al., 2013; Ling et al., 2004;
Rodrigues et al., 2005), we hypothesized that the lineage differentiation defect observed in gata2b”"
zebrafish arises in the stem cell compartment. In adult zebrafish, the HSC population is most stringently
marked by CD41:GFP"" expression, excluding most progenitors (Ma et al., 2011). To investigate whether
the gataZb'/' HSPC population shows lineage bias, CD41:GFP"" cells were prospectively isolated from WT
and gata2b” zebrafish kidney marrow followed by transcriptome analysis (Figure 4A, B). WT and Gata2b
deficient zebrafish had comparable numbers of CD41:GFP"" cells (Figure 4C) but analysis of the
transcriptome of gataZb'/' CD41:GFP"°" cells by RNA sequencing showed 6 gene sets that were

low

significantly downregulated in gata2b” CD41:GFP"" cells. Some of these gene sets are related to
chromatin regulation (Figure S3A-F). In-depth analysis of the differentially regulated genes in gataZb'/'
CD41:GFP"" cells revealed that the lymphoid transcription factor lkaros2 (ikzf2) and the transcriptional
co-activator B-cell lymphoma 3 protein (Bcl3) are significantly upregulated in gata2b”

CD41:GFP"" expressing cells (Figure 4D). The lkaros family of transcription factors in mice activate
lymphoid differentiation (Kim et al., 1999) and in mice, /kzf2 expression is associated with a block in
myeloid lineage differentiation (Park et al., 2019). Bc/3 regulates transcription by associating with NFkB
and is important for B-cell proliferative responses and involved in T-helper cell differentiation (reviewed
in (Herrington and Nibbs, 2016). The upregulation of these lymphoid program genes in gataZb'/'
CD41:GFP"" cells together with the forward and side scatter differences suggests a lymphoid bias in

gata2b” HSPCs.

Single cell RNAseq shows a lymphoid bias at the expense of the neutrophil/monocytic lineage in gataZb'/ ’
kidney marrow

The scatter profile analysis showed that the lymphoid population was greatly increased at the expense
of the myeloid population in gata2b” zebrafish relative to wild type controls (Figure 3A). To confirm the
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lineage bias in gataZb'/' kidney marrow and to clarify the underlying transcriptional profile we
performed single cell transcriptional profiling of all hematopoietic progenitors in zebrafish KM. In this
analysis we addressed the following questions:

1) Is the lineage differentiation occurring at the level of HSPCs, more commited progenitors or is it a
defect in differentiated cells? 2) Are gata2b” kidney marrow cells merely lineage biased or do they
acquire an aberrant transcriptome?

Because, specific progenitor populations cannot be distinguished in zebrafish using cell surface markers,
we sorted the entire progenitor population including the lymphoid cells of Tg(CD41:GFP) WT and
gata2b” zebrafish (Figure S4A-C). Terminally differentiated erythrocytes (nucleated in zebrafish) were
excluded because their high number would mask differences in other cell types and because they turned
out to be present in all gates during sorting. Also, the differentiated myeloid population was excluded.
We identified 20 different cell clusters using the nearest neighbor algorithm in the R Seurat package
(Butler et al., 2018). Most of the clusters express specific markers which enabled us to characterize the
differentiated cell types or the lineage commitment direction. Cluster identification is described in the
supplementary material (Figure 5A, B, Figure S4D, E and STAR methods).

To investigate lineage contribution between WT and gataZb'/'ceIIs within the clusters, the proportion of
these cells was analysed (Figure 5C). Five clusters were underrepresented in gata2b” kidney marrow,
two of the erythroid lineage and three of the myeloid lineage (Figure 5A, B and C). The most striking
difference was found in a large myeloid population subdivided in three clusters expressing high levels of
5100a10b (Figure 5A-C). In human, S100A10 is highly expressed by macrophages and required for their
migration (Laumonnier et al., 2006; O'Connell et al., 2010). In situ hybridization analysis on zebrafish
sections showed that s100a10b is expressed in macrophages and their progenitors indicating that these
cell types are most affected by Gata2b deficiency (Figure S4F-H). Additionally, gata2b” cells were
overrepresented in the lymphoid progenitor cluster, T-cells and both B-cell clusters (Figure 5C).
Therefore, single cell transcriptome analysis confirms that lineage differentiation is biased towards the
lymphoid lineage at the expense of the myeloid in Gata2b deficient kidney marrow.

Differential gene expression reveals increased proliferation and lymphoid marker expression in the
gata2b” HSPCs

The bulk transcriptome analysis on HSPCs supported the idea that the lineage skewing might occur in a
progenitor or more immature population as opposed to more committed progenitors or terminally
differentiated cells. We identified two HSPC cell clusters called HSPC1 and 2 (Fig. 5A and B). These
clusters are marked by HSC genes like flila and meis1b (Athanasiadis et al., 2017; Macaulay et al., 2016;
Tang et al., 2017) (Figure S4l, J), by proliferation markers (differentiated cells have low proliferation
signatures) like pcna, myca and mki67 (Figure S4E) and GFP from the CD41:GFP transgene (Figure 5D).
Also, most gata2b expressing cells are found in HSPC1 and HSPC2 (Figure 5E) indicating that these
populations would be most affected by loss of Gata2b. Compared to WT HSPC1s, mutant cells express
higher levels of proliferation marker genes like pcna (Figure 5F), myca (Figure 5G), hemoglobin (hbbal)
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(Figure 5H), and lymphoid marker genes like ikzf1, ikzf2, bcl3 and ighv1-4 (Figure 5J-M), indicating that
this mutant population is re-directed towards a lymphoid and erythroid transcriptional program. The
gata2b” HSPC1 cluster contains both fewer cells expressing myeloid marker genes and an average lower
expression level of the myeloid marker genes cebpa and grn1 (Figure 51 and data not shown). Based on
this data we conclude that the lymphoid bias in gata2b” zebrafish kidney marrow initiates in the most
immature HSPC1 .

The HSPC2 population has a similar, but more exaggerated, transcriptional profile compared to HSPC1
(Figure S5) indicating this has a more mature progenitor population compared to HSPC1. Like HSPC1,
differential gene expression analysis in HSPC2 revealed a similar lymphoid bias in gata2b” cells (Figure
S51-M) at the expense of the myeloid program (Figure S5N-R).

Cell fate of gata2b”” kidney marrow HSPCs is redirected to the lymphoid lineage

In gataZb'/' kidney marrow, lymphocyte populations accumulated while monocyte and granulocyte
differentiation was reduced, but the cells did not show any morphological defects. Therefore, we
propose that Gata2b deficiency leads to a switch in lineage choice instead of a general aberrant
transcriptome in HSPCs. To further investigate the nature of the transcriptional changes in gataZb'/'
HSPC1s we performed reclustering of the HSPC1 population (Figure6A, B). In this way, clustering is only
based on genes that are (differentially) expressed in the HSPC1 population. Proportion analysis showed
that subcluster 1 was mainly composed of WT cells and subclusters 5, 6 and 7 were mainly composed of
gataZb'/'ceIIs (Figure 6C), indicating that the differences between clusters were defined by the
differences between WT and gata2b” cells rather then a unique myeloid or lymphoid progenitor profile.
As expected, most gata2b expressing cells in WT are located in subcluster 1, indicating that this
subcluster is most affected by Gata2b deficiency (Figure 6D). This was further strengthened by the
finding that reclustering of HSPC1 did not generate subpopulations expressing only stem cell markers
(Figure 6F), myeloid/erythroid markers (Figure 6E, G), proliferation markers (Figure 6H, 1), or lymphoid
marker expression (Figure 6J-M).

Differential gene expression analysis showed that the gataZb'/'ceIIs in cluster 1 had a lower expression
of cebpb, a myeloid lineage marker, than the WT cells in this cluster (Figure 6E). Additionally, we found
high expression of lymphoid lineage genes expressed in gataZb'/' cells (Figure 6J-M), but the fact that we
also found expression of these lymphoid lineage marker genes (including variable chain
immunoglobulins) in WT cells indicates that this transcriptional profile is normal (Figure 6M, subcluster
4). Moreover, in case of an aberrant transcriptome caused by the gata2b mutation we would expect co-
expression of marker genes of multiple lineages in the same cells. Instead cells expressed either the
erythroid marker hbbal or the lymphoid marker ikzf1 in the HSPC1 cluster (Figure 6N). Taken together,
these results led us to conclude that Gata2b deficient zebrafish HSC cell fate is redirected leading to an
accumulation of lymphoid biased HSPCs and a reduction in myeloid biased HSPCs causing the lineage
bias in adult zebrafish.
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Discussion

In this study, we showed that Gata2b is not vital for embryonic generation of HSPCs, but that definitive
hematopoiesis is affected from 76 hpf in the caudal hematopoietic tissue. In addition, adult Gata2b
deficient kidney marrow showed a lymphoid bias at the expense of the myeloid lineage based on scatter
profiles and transgenic analyses. Unbiased single cell transcriptome analysis confirmed that the loss of
Gata2b results in decreased myeloid differentiation and was biased towards lymphoid differentiation
from 5 months post fertilization onwards. Finally, the HSPC1 compartment was the origin of the
lymphoid lineage bias in gataZb'/' kidney marrow cells, due to an upregulation of the lymphoid lineage
gene expression program. These data establish that Gata2b is vital for maintaining the myeloid
differentiation program, and that in the absence of Gata2b, HSPCs initiate the lymphoid differentiation
program instead.

The molecular mechanism controlling lineage commitment has long been thought to be regulated by
stochastic variation in transcription factors (Graf and Enver, 2009). However, later reports suggested
that some transcription factors have a reinforcing activity for terminal differentiation instead of lineage
choice and propose that microenvironmental or upstream regulators are decisive for lineage
commitment (Hoppe et al., 2016). Our results are consistent with Gata2b being an essential regulator of
lineage decision in HSPCS. Both mutant and wild type HSPC1s express divergent lineage markers in the
same cell. This divergent expression has been noticed before in single cell transcriptome analyses of
mouse and human HSPCs (Drissen et al., 2016; Velten et al., 2017). In fact, this conflicting expression of
markers might regulate lineage priming. Interestingly, Gata2 has been described to directly interact with
Ikaros to regulate transcriptiption (Bottardi et al., 2013). Whether this direct interaction regulates
myeloid and lymphoid bias directly or whether Gata2 acts as a repressor or a co-activator in this
complex with lkaros is as yet unclear.

Not all myeloid lineage differentiation was abrogated and few intact neutrophils remained present in
Gata2b deficient HSPCs. Also, the monocyte precursor and monocyte cluster, marked by mpeg1.1 were
present and even enriched in the Gata2b deficient cells as analysed by single cell analysis. This could be
explained by tissue resident macrophages in the kidney. Tissue resident macrophages are derived from
embryonic erythroid-myeloid-progenitors (Bertrand et al., 2005; Herbomel et al., 1999) and myeloid
embryonic differentiation was not affect in gata2b” zebrafish. Kindey marrow cells from 18 month old
gata2b” zebrafish show an accumulation of pro-erythroblasts (left-shift) (Figure 3H, 1). This was
reflected by the fact that gataZb'/' HSPC1s start expression of hbbal (Figure 6G). As the erythroid lineage
seems to be stuck in its differentiation, this indicates that Gata2 is important for erythroid lineage
differentiation and the initiation of Gatal expression (Briegel et al., 1993; Moriguchi et al., 2015).

Single cell transcriptome analysis showed further upregulation of genes related to proliferation
suggestive of a role for Gata2b in proliferation. Whether this regulation is direct is not yet clear because
the lymphoid transcriptional program also regulates cell cycle and this may explain the increase in
proliferation signatures in Gata2b deficient HSPCs as they are lymphoid biased.
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The role of Gata2 in embryonic generation of HSPCs differs between mammals and the zebrafish system.
In mouse and human, Gata2 is required for EHT (de Pater et al., 2013; Huang et al., 2015; Kang et al.,
2018), while in zebrafish, gata2b”” embryos still show EHT events. High maternal expression of gata2b
reported earlier by Butko et al., and therefore residual Gata2b protein levels, could possibly rescue EHT.
However, maternal zygotic gata2b mutants are viable, indicating that embryonic hematopoiesis is
normal and maternal expression of gata2b does not affect embryonic hematopoiesis (Figure S2B).
Previous expression analysis of gata2a and gata2b indicate that they are both expressed in hemogenic
endothelium (Butko et al., 2015; Dobrzycki T, 2019). Therefore, Gata2a could be required for
specification of hemogenic endothelium and regulate EHT. The expression of Runx1 is used to mark
hemogenic endothelium in the the dorsal aorta (Swiers et al., 2013). In a gata2a enhancer mutant
(Dobrzycki T, 2019), specifically deleting the expression of gata2a in hemogenic endothelium, we found
reduced runxl1 expression in gat020’4ﬂ4mutant zebrafish (Figure S6A-C). This indicates that endothelial
expression of gata2a is required upstream of gata2b for the proper specification of hemogenic
endothelium. In mouse, Gataz2 is also required for the maintenance of HSCs after they are generated (de
Pater et al., 2013). Why the adult zebrafish compartment is not affected similarly as the mouse HSC
compartment by loss of Gata2 is subject for future studies.

In conclusion, we find that Gata2b does not only play an important role in embryonic hematopoiesis, but
is vital for the lineage discision between myeloid and lymphoid lineage differentiation. These findings
could have great implication for human disease like bone marrow failure syndromes, but also in
myelodysplastic syndromes and acute myeloid leukemia caused by mutations in GATA2 (Hahn et al.,
2011; Ostergaard et al., 2011; Vinh et al., 2010; Wlodarski et al., 2016).
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Figure legends

Figure 1. Newly generated Gata2b mutant zebrafish 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) Gel picture showing genotyping PCR of founder 3 and the F1 with a 28 bp
integration in embryo 7 and 8. C) 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. D) Gata2b mutation leading to a STOP codon abrogating the
protein before the DNA and protein binding znk fingers. E) Example of EHT event from WT Tg(flila:eGFP)
transgenic zebrafish. Time indicated at the bottom right corner in minutes. Scalebar represents 10 um.
arrow indicates endothelial cell undergoing hematopoietic transition. F) Quantitation of EHT events
between 32-40 hpf in WT, gat02b+/' and gataZb'/'embryos in an area of 5 sp in the AGM region. Each dot
represents one embryo. G) Representative image of cmyb expression in WT and gata2b” embryos at 26
hpf. H) Quantitation of cmyb signal intensity relative to background in WT, gataZb+/' and gataZb'/'
embryos in the AGM region. P, = founder, Bp = basepair, aa = amino acid, EHT = endothelial to
hematopoietic transition, DA = dorsal aorta, PVC = posterior cardinal vein, sp = somite pair, hpf = hours
port fertilization. Error bars represent SEM.

Figure 2. Gata2b” “embryos show a reduction in hematopoietic stem and progenitor marker
expression.

(A) Representative example of cmyb expression in WT and gata2b” embryos at 33 hpf in the AGM
region and C) 56 hpf in the CHT B) Quantitation of signal intensity relative to background cells in WT,
gat02b+/' and gataZb'/'embryos at 33 hpf where each dot represents one embryo and D) in 56 hpf in the
CHT. E) example of Tg(CD41:GFP); Tg(Flt:RFP) expression in the CHT of WT and gata2b” embryos at 76
hpf. F-G) quantitation of GFP'RFP* cells in WT, gata2b” and gata2b” embryos where each dot
represents one embryo at F) 52-54 hpf, G) 56-58 hpf, and H) 76-78 hpf. hpf = hours post fertilization,
CHT = caudal hematopoietic tissue. * = P < 0.05, ** = P < 0.01. Error bars represent SEM.

Figure 3. Gata2b deficiency results in decreased myeloid differentiation in adult zebrafish KM

A) Gating strategy of FACS analysis of whole kidney marrow of WT and gata2b” zebrafish. B)
Quantitation of erythroid, myeloid, lymphoid and HSPC and progenitor gates as percentages of single
viable cells of KM harvested from 3-12 mpf zebrafish. Each dot represents kidney marrow analysis of
one zebrafish. C) FSC-A/SSC-A representation of whole kidney marrow in Tg(mpx:GFP) WT and gataZb'/'
zebrafish with the GFP positive population indicated in green. D) quantitation of GFP* percentage in
single viable cells. Each dot represents kidney marrow analysis of one zebrafish. E) Cytospin, stained
with MGG, of Tg(mpx:GFP)" sorted cells of WT and gataZb'/' zebrafish F) kidney marrow smear of WT
and gata2b”” zebrafish at 9 mpf and G) 18 mpf. H) Quantitation of the frequencies of cell types in kidney
marrow smears after morphological differentiation taken form 9 - 18 mpf zebrafish. * =P < 0.05, ** =P
<0.01, *** =P < 0.001, **** = P <0.0001. KM = kidney marrow, mpf = months post fertilization, SSC =
side scatter, FSC = forward scatter, lymph = lymphocytes, Error bars represent SEM.

Figure 4. gataZb'/ “phenotypic HSPCs show an increase in ikzf2 expression
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A) FSC-A/SSC-A representation of whole kidney marrow in WT and B) gataZb'/'zebrafish with the
CD41:GFP™" population indicated in green. C) Frequency of CD41:GFP™" cells in WT and gata2b” kidney
marrow. Each dot represents KM analysis of one zebrafish. Error bars represent SEM. D) Volcano plot of
differential gene expression of gataZb'/' vs WT CD41-GFP™" cells with an indication of the differential
gene expression of ikzf2. Genes with a significant (P<0.01) differential gene expression (log2Fold change
> 1) are depicted in black. SSC = side scatter, FSC = forward scatter, KM = kidney marrow.

Figure 5. gataZb'/' cells are overrepresented in lymphoid lineage clusters and reduced in erythroid and
myeloid lineage clusters compared to WT

A) Split UMAP of WT and B) gataZb'/' cells with cluster indication of enriched (arrow up) or reduced
(arrow down) cell clusters in B. C) Genotype distribution of each of the clusters individually indicating
the different replicate experiments. Area of the bars indicate the cell numbers in each cluster, White =
WT, Black = gata2b”". D) Violin plot of cells with GFP gene expression from Tg(CD41:GFP) within the

low

different clusters. Each dot represents one cell. The grey lines indicate GFP™" expression, indicating that

the HSPC1 cluster contains GFP"" expressing cells and the thrombocyte cluster mainly contains GFp"e"
expressing cells. E) Violin plot of gata2b expressing cells within the different clusters. Each dot
represents one cell. Most gata2b expressing cells are present in the HSPC1 cluster. F-M) Split violin plots
of marker expression within the HSPC1 population between WT on the left and gataZb'/'ceIIs on the
right (pink) with F) proliferating cell nuclear antigen (pcna), G) MYC proto-oncogene a (myca), H)
hemoglobin al (hbbal), 1) granulin 1 (grn1),)) ikaros family zinc finger 1 (IKZF1), K) ikaros family zinc
finger 2 (IKZF2), L) B cell ymphoma 3 (bcl3) and M) Immunoglobulin heavy variable 1-4 (ighv1-4)
expression. UMAP = Uniform manifold approximation and Projection, HSPC = Hematopoietic stem and

progenitor cell.

Figure 6. HSPC1 reclustering shows more gataZb'/' cells with erythroid and lymphoid marker
expression then WT cells

A) Cluster selection for reclustering B) Reclustering of the HSPC1 population split between WT and
gataZb'/'ceIIs. C) Genotype distribution of WT and gataZb'/' HSPC1 in each of the clusters with WT cells in
white and gataZb'/'ceIIs in black. D) Feature analysis of gata2b expression in blue within WT on the left
and gata2b” HSPC1 cells on the right. E-M)Violin plots of marker expression in the different clusters split
by genotype with expression in WT cells in green and expression in gataZb'/'ceIIs in pink. E) HSPC marker
flila, proliferation markers F) pcna G) myca and lymphoid markers H) myeloid marker cebpb expression,
1) erythroid marker hbbal expression, lymphoid marker expression J) ikzf1, K) ikzf2, L) x-box protein
coding 1 (xbp1), M) ighv1-4. N) Co-expression analysis of hbbal and ikzf1. Colors indicate the different
subclusters of the HSPC1 population. UMAP = Uniform manifold approximation and Projection, HSPC =
Hematopoietic Stem or Progenitor Cell.
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Materials and Methods

Animal husbandry

Zebrafish (Danio rerio) were kept under standard conditions. Adult zebrafish were analysed under CCD
license AVD 1010020171644. Embryos were collected by natural matings and grown at 28.5C in E3
medium with methylene blue. Heterozygous Tg(flila:eGFP)(Lawson and Weinstein, 2002), Tg(-
6.0itga2b:EGFP) (known as CD41:GFP)(Ma et al., 2011), Tg(mpx:GFP)***™ (Ellett et al., 2011),
Tg(mpegl:GFP)ngg(Renshaw et al., 2006) and Tg(LCK:eGFP)(Langenau et al., 2004) embryos were used
in this study and all transgenics were analysed as heterozygous.

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. (Gagnon et al., 2014) with minor
adjustments. Guide RNAs were generated using the Agilent SureGuide gRNA Synthesis Kit, Cat# 5190-
7706. Cas9 protein (IDT) and guide were allowed to form ribonucleoprotein structures (RNPs) at RT and
injected in 1 cell stage oocytes. 8 embryos were selected at 24 hpf and lysed for DNA isolation.
Heteroduplex mobility PCR analysis was performed to test guide functionality and embryos from the
same batch were allowed to grow up. To aid future genotyping we selected mutants by screening F1 for
a PCR detectable integration or deletion in exon 3. Sequence verification showed that founder 3 had a
28 nt integration resulting in a frameshift truncating mutation leading to 3 new STOP codons in the third
exon. To get rid of additional mutations caused by potential off target effects, founder 3 was crossed to
WT for at least 3 generations. All experiments were performed with offspring of founder 3.

Kidney marrow isolation and analysis

Adult zebrafish were euthanized; WKM removed mechanically using tweezers and dissociated by
pipetting in PBS/10% FCS to obtain a single-cell suspension. 7-AAD (7-amino-actinomycin D) 0.5mg/L
(BDbiosciences)or DAPI 1mg/L were used for live/dead discrimination. The analysis was performed
using FACSAria Il (BD)

Zebrafish embryo cell isolation and sorting

Zebrafish embryos were dechorionated, euthanized and dissociated incubating them in PBS/10% FCS
with collagenase |, Il and IV each 1:100 (Sigma) for 45 minutes at 37C. During incubation, the embryos
were pipetted every 10’ to facilitate the dissociation. FACS analysis and sorting were performed on a
FACSAria Il (BD) using 7AAD (BD) 0.5mg/L or DAPI (BD) 1mg/L as live/dead marker.

In situ hybridization 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. ish has been performed according
to Chocron et al.,(Chocron et al., 2007). The cmyb probe was a kind gift from Roger Patient. cmyb
expression was quantified as described previously (Dobrzycki et al., 2018).

Confocal imaging and analysis
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The embryos were anesthetized using tricaine (3-amino benzoic acidethylester) 160mg/L and selected
for reporter positivity. The embryos were placed in 0.25% agarose with tricaine 160mg/L. Images were
obtained using a Leica SP5 confocal microscope pre-warmed at 28C. The images were acquired using a
4uM stepsize and analyzed using Fiji software (Imagel)(Schindelin et al., 2012). Quantitation of the
CD41:GFP'FIt:RFP* cells and EHT events was performed manually, the latter with the aid of Image) 3D
viewer.

Opera imaging and analysis

Tg(mpeg:GFP), Tg(mpx:GFP), Tg(LCK:GFP) embryos were place in a 96 wells zebrafish arraying plate
(ZFplate, Hashimoto Electronic Industry Co. Ltd, Japan) and imaged in tiles covering the complete
zebrafish, using a spinning disk confocal high throughput microscope system (Opera Phenix, Perkin
Elmer) equipped with a dry 10x objective (NA 0.3). Ambient temperature in the Opera Phenix ranged
between 24 - 26°C. GFP was excited using a 488 nm solid state laser and detected at 500 — 550 nm
emission in a 20 um stepsize z-stack. In maximum projection images, GFP positive cells were segmented,
counted and analyzed for their GFP intensity and morphology using Harmony software (v 4.8)(Perkin
Elmer).

Bulk RNA sequencing on CD41:GFP"" population

RNA was isolated from 50-300 adult zebrafish kidney CD41:GFP"" sorted cells in TRIzol (Thermo Fisher
Scientific) using the manufacturers protocol and amplified using SMARTer Ultra Low Input RNA kit for
sequencing (version 4, Clontech). Sequencing libraries were generated using TruSeq Nano DNA Sample
Preparation kits (Illumina), according to the low sample protocol and run on Novaseq 6000 instrument
(Nlumina). GSEA was performed using the broad institute tool (Mootha et al., 2003; Subramanian et al.,
2005).

Single cell RNA sequencing on whole kidney marrow progenitor population
70.000 single viable cells were sorted from kidney marrows from 2 pooled female tg(CD41:GFP)

low

zebrafish. These cells were supplemented with additional CD41:GFP™" expressing cells to later detect
the HSC compartment. One sample was loaded on the chip and proceeded for single cell barcode
labeling by the droplet based 10x genomics machine at a time to reduce cell death. cDNA was prepared
using the manufacturers protocol (10x Chromium V2) and sequenced on Novaseq 6000 instrument
(lumina). We used two WT replicates and two gataZb'/' replicates each sequenced to a depth of 50.000

reads per cell.

Single cell transcriptome analysis

Seurat V3 was used to analyse the single cell expression data (Butler et al., 2018). The replicates were
randomly down-sampled to get an even distribution of WT and gata2b” cell numbers and we performed
a quality control excluding doublets (high UMI count and high feature count) or dead cells
(mitochondrial reads < 0.08%). For the comparative analysis, first, the replicates of WT and gataZb'/'
animals were individually aligned using achor based integration and then WT and gata2b” cells were
aligned to eachother. Clustering was calculated using 15 different dimensions with a resolution of 0.6.
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Elbow plot analysis showed that at least 6 dimensions should be used, but marker analysis revealed that
the NK population and the T cell population could only be separately distinguished by using 15
dimensions. Clustering was visualized by Uniform Manifold Approximation and Projection (UMAP).

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. Not normally
distributed data were analyzed using Kruskal-Wallis with Dunn test.
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Table 1. Embryonic hematopoietic cell quantitations

Area and time point WT gataZb*/ ) gataZb'/ )

EHT events

AGM (32 to 40hpf) 3.310.4 (n=18) 29103 (n=33) 2.210.4 (n=18)
CD41:GFP*fIt: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 + 1.1 (n=43)** 16.1 + 2.0 (n=15)*
Tg(mpeg:GFP)’ cells

CHT (54hpf) 513.9 £ 23.7 (n=18) 564.9 £ 23.5 (n=26) 545.9 + 33.3 (n=14)
Tg(mpx:GFP)’ cells

CHT (75hpf) 227.5+14.4 (n=11) 221.1+ 8.6 (n=26) 235.0+ 15.5 (n=6)
Tg(LCK:GFP)" pixel number

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

The data are meant 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 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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