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Key Points

• A new Gata2 reporter indicates
that all HSCs express Gata2
and corroborates findings
that Gata2 is not required for
generation of all HPCs.

• Isolatable non–Gata2-
expressing HPCs show
less potency and a distinct
genetic program, thus
having implications for
reprogramming strategies.

The Gata2 transcription factor is a pivotal regulator of hematopoietic cell development

and maintenance, highlighted by the fact that Gata2 haploinsufficiency has been

identified as the cause of some familial cases of acute myelogenous leukemia/

myelodysplastic syndrome and in MonoMac syndrome. Genetic deletion in mice has

shown that Gata2 is pivotal to the embryonic generation of hematopoietic stem cells

(HSCs) and hematopoietic progenitor cells (HPCs). It functions in the embryo during

endothelial cell to hematopoietic cell transition to affect hematopoietic cluster, HPC,

and HSC formation. Gata2 conditional deletion and overexpression studies show the

importance of Gata2 levels in hematopoiesis, during all developmental stages. Although

previous studies of cell populations phenotypically enriched in HPCs and HSCs show

expressionofGata2, therehasbeennodirectstudyofGata2expressingcellsduringnormal

hematopoiesis. In this study, we generate a Gata2Venus reporter mouse model with

unperturbed Gata2 expression to examine the hematopoietic function and transcriptome

of Gata2 expressing and nonexpressing cells. We show that all the HSCs are Gata2

expressing.However, notallHPCs in theaorta, vitellineandumbilical arteries,and fetal liver

require or express Gata2. These Gata2-independent HPCs exhibit a different functional output and genetic program, including Ras and

cyclic AMP response element-binding protein pathways and other Gata factors, compared with Gata2-dependent HPCs. Our results,

indicating that Gata2 is of major importance in programming toward HSC fate but not in all cells with HPC fate, have implications for

current reprogramming strategies. (Blood. 2016;127(11):1426-1437)

Introduction

Gata2 is one of the “heptad” transcription factors that acts on
regulatory regions of hematopoietic genes.1 It is upregulated in
vivo in Ly6aGFP1 cells undergoing endothelial-to-hematopoietic
cell transition (EHT), a process by which definitive hematopoietic
progenitors (HPCs) and hematopoietic stem cells (HSCs) are
generated in the embryo.2,3 As one of the major regulators of HPC
and HSC generation, germline deficiency of Gata2 results in
embryonic lethality between embryonic day (E)10 and E10.5 and
an anemic phenotype, with a decreased number of primitive and
definitive HPCs in the yolk sac (YS) and in Gata22/2 embryonic
stem (ES) cell hematopoietic differentiation cultures.4-6 Chimeric
embryo generation with Gata22/2 ES cells revealed defective
production of all hematopoietic lineages.5 The E10.5 lethality of
Gata22/2 embryos precludes the study of HSC generation in the
aorta-gonad-mesonephros (AGM) region, the first site of de novo
HSC production. Gata21/2 embryos contain greatly reduced
number of HSCs in the AGM region.7,8 Gata2 haploinsufficiency

perturbs adult HSC homeostasis in mice9 and, in humans, leads
to MonoMac syndrome,10 which is associated with sporadic
myelodysplasia and myeloid leukemia. Also, rearrangement of the
remote Gata2 enhancer drives acute myeloid leukemogenesis by
activating Evi1 expression.11,12 Overexpression studies also reveal
that levels of Gata2 expression are important for its hematopoietic
function.13-15 In situ hybridization studies localize Gata2 expres-
sion to aortic endothelial cells, intra-aortic hematopoietic cluster
cells, placenta (PL), and fetal liver (FL) in the midgestation
mouse.16-18 Conditional knockout ofGata2 orGata2 regulatory
elements in vascular endothelial cells indicates that Gata2 is essential
for hematopoietic cluster formation and HSC generation.7,19,20 Gata2
plays a role in the emergence of cKit-expressing hematopoietic cells
from the endothelium.7 Later, as shown in VavCre conditional
knockout mice, Gata2 is essential for HSC maintenance,7 thus
demonstrating a role for Gata2 as previously recognized in bone
marrow LSK HSCs.21
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To date, the correlation between Gata2 and hematopoietic cell gen-
eration in the embryo has been made in the absence of prospective iso-
lation of viable Gata2-expressing cells.16 Although some hematopoietic
cells remain in the embryo in the absence of Gata2,5-8 the identity of
these cells is unknown. In this study, to further understand the require-
ment forGata2 in normal hematopoietic development,we create anduse
a mouse model in which a fluorescent reporter for Gata2 (IRES-Venus
knock-in gene) does not affect the normal level or function ofGata2.We
demonstrate that all long-termrepopulatingHSCsanda largepercentage
ofHPCs in themidgestationmouse embryo areVenus1.We isolate and
characterize a Venus2 HPC population that corresponds to the HPCs
found in Gata2-null embryos. Gata2-independent hematopoietic pro-
genitors are functionally less complex and do not follow the same
genetic program as Gata2-dependent HPCs.

Materials and methods

Gata2Venus ES cells and mice

Generation of the Gata2-Venus mouse model is described in the supplemental
Methods, available on theBloodWeb site. In short, an IRES-Venus fragment and
a loxP-PGK-Puro-loxP fragment were inserted in the Gata2 39 untranslated
region (UTR). IB10 ES cells were transfected and puromycin selected, and 360
clones were polymerase chain reaction (PCR) screened for Gata2Venus (right
arm junction, 2292 bp). Correct integration was verified by Southern blot (left
arm) for 2 clones with normal karyotype. Founders were identified by
Venus PCR. First-generation G2V offspring were crossed with CAG-Cre
mice22 and backcrossed (.10 generations) with C57BL/6.

Mice and embryo production

Gata21/2 mice,5 Ly5.1 (6-8 weeks) and C57BL/6 mice were obtained/
maintained (Harlan or locally) and genotyped by PCR (supplemental Methods).
Dayof plugdiscovery is E0. Embryoswere stagedby somite pair (sp): E9.5516
to 28 sp, E105 28 to 40 sp, early E105 28 to 34 sp, E10.55 35 to 40 sp, and
E11 5 40 to 50 sp. All mouse experimentation was performed under the UK
Animals Scientific Procedures Act 1986 Project License 70/8076 andNLEthics
Committee approval and performed in compliance with Standards for Care and
Use of Laboratory Animals.

Immunostaining

Whole-mount conceptuseswere stained and imaged23; cryosections and cells for
flow cytometry were stained8 using anti-CD34-biotin (1:50; BD), anti-Gata3
(1:10KT122, 111207H09;Absea), anti-Gata4 (1:50H-112, sc-9053; SantaCruz),
and anti-green fluorescent protein antibodies. For flow cytometry,8 cells were
stained with anti-CD31 (390; BD), anti-CD34 (RAM34; BD), anti-cKit (2B8;
BD), anti-CD41 (MWReg3; SantaCruz), anti-Sca1 (D7; Ebiosciences), and anti-
CD16/32 (2.4G2; BD) antibodies and Hoechst 33258 (BD) and analyzed
(FACSARIAIII; SORP).

Hematopoietic assays

Venus-sorted E9 to E11AGM, vitelline1umbilical arteries (VA1UA), PL, and
YS and E10 FL or Gata2-deficient E9 to E10 AGM, VA1UA, and PL were
seeded in3.6mLmethylcellulose (1mLper dish;M3434;StemCell Tech) for 10
to12days.24Colonieswere counted, isolated, andwashed, andVenus expression
was examined (FACSARIAIII; Fortessa). SortedG2VE11AGM (Ly5.1/Ly5.2)
cells were transplanted24 into 9.5-Gy irradiated (C57BL/6X129) F1 recipients
(Ly5.2/Ly5.2) together with 23 105 spleen cells from the recipient strain.
Peripheral blood (PB) donor chimerism was determined by Venus PCR and/or
fluorescence-activated cell sorter (FACS) at 4 months after transplantation and
scored positive if PB donor chimerism was.10%.

RNA analyses

Detailed RNA procedures are provided in supplemental Methods. The Gene
Expression Omnibus data accession number is GSE76254. Briefly, RNA was
isolated fromE10.5AGMCD31 and cKit sorted cells with themirVanamiRNA
Kit (Ambion), and quality/quantity was assessed using the 2100 Bioanalyzer
(Agilent; RNA Nano/Pico chip). For RNA sequencing, samples were prepared
with theSMARTERprotocol and analyzed on an IlluminaHiSeq200 system.25-27

For quantitative reverse transcription-PCR (qRT-PCR), SuperScriptII/III
ReverseTranscriptase (LifeTechnologies) was used for first-strand cDNA
synthesis. Primers are specified in supplemental Table 1.

Results

Generation and validation of a novel Gata2 reporter

mouse model

Previously, analysis of Gata2-expressing cells has been limited to
a reporter mouse model that results in Gata2 haploinsufficiency.16

Our approach allows for the expression of the reporter within the
Gata2 genomic locus without affecting the levels of Gata2 expres-
sion or protein function. This is particularly important because Gata2
haploinsufficiency greatly reduces the number of HS/PCs generated
during development.7,8,19,20,28 Briefly, an internal ribosome entry
site sequence (IRES) followed by the Venus fluorochrome gene was
recombined into the Gata2 39UTR (Figure 1A) in ES cells. The re-
sultingGata2Venus (G2V) mice bred normally and showed no overt
growth or hematopoietic defects.

To determine whether Venus reporter expression parallels that of
Gata2,G2Vbonemarrow(BM)cellswere sorted intoVenus-expressing
(Venus1) andnonexpressing (Venus2) fractions (Figure 1B). qRT-PCR
forGata2 andVenus transcripts (Gata2V/1BM) demonstrated that only
Venus1 cells express Venus and Gata2 mRNA (Figure 1C). Western
blot analysis revealed that equivalent amounts of Gata2 protein were
present in Gata21/1 and Gata2V/V adult BM cells (data not shown).
FACSanalysis showed thatGata2v/vBMLSKfrequency (388/105 cells)
are comparable to wild-type (WT) BM LSK frequency (378/105

cells). Importantly, the results of competitive limiting dilution trans-
plantation analyses of Gata2V/V and WT BM cells demonstrate that
HSCs are qualitatively and quantitatively normal in this mouse
model (Figure 1D). Thus, Venus expression correctly reports Gata2
expression without interfering with its normal expression levels or
function.

Gata2 is expressed in emerging aortic hematopoietic cluster

cells and other embryonic hematopoietic tissues

Venus expression was examined in midgestation G2V hematopoietic
tissues. Flow cytometry revealed that E9 to E11AGM,YS, PL, and FL
containedVenus1 cells (Figure 1E). At E9, 6.286 0.47%of viable YS
cells and 1.826 0.31% of AGM cells are Venus1. At E10.5 (when the
firstHSCs are generated), 3.2760.52%ofAGMcells areVenus1, and
this increases to 7.866 1.1% at E11. Table 1 shows the frequencies of
Gata2-expressing cells.29,30

Whole-mount images of E10 and E11 G2V embryos immuno-
stained with anti-CD31 antibody (marks all endothelial cells and
hematopoietic cluster cells) shows Venus1 cells along the aorta (DA).
Venus1 cells are also observed in cells of the neural tube (NT),
olfactory bulb (OB), and FL (Figure 2A-C). In the E10.5 AGM region
(4,6 diamidino-2-phenylindole [DAPI] andCD31 stained [blue and
red, respectively]), Venus expression is found in endothelial and
hematopoietic cluster cells mainly on the ventral side of the DA and in
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the urogenital (UG) region (Figure 2D-E). In the FL,Venus-expressing
cells are found in a punctate distribution pattern (Figure 2D,F). At E9,
Venus is expressed in some of the CD341 (red) endothelial cells of the
paired aorta (Figure 2G, arrowhead) and also in some of the endothelial
and hematopoietic cluster cells of theUA (Figure 2H).Venus continues
to be expressed at E11 in some aortic endothelial cells and emerging/
other hematopoietic cluster cells (Figure 2I, arrowhead). The E10.5YS
shows Venus expression in some of the CD311 (red) endothelial cells.
Overall, Venus expression is similar to what has been previously
documented for Gata2 in situ hybridization analysis.31,32 Thus, our
model allows for the prospective identification, isolation, and character-
ization of Gata2-expressing cells during normal development.

All HSCs, but not all HPCs, express Gata2

To test for HSC activity, E11 AGM Venus1 and Venus2 cells
were transplanted into irradiated adult recipients. All long-term
repopulating HSCs were found in the Gata2Venus-expressing
fraction (Figure 3A). Nine of 19 recipients receiving Venus1 cells
were engrafted (15-71%), whereas none of the 14 Venus2 recipients
showed donor-derived hematopoietic cells. These HSCs were multi-
lineage repopulating (supplemental Figure 1) and self-renewing
(8 repopulated of 12 transplanted with 3 3 106 BM cells from
primary repopulated mice; n 5 4).

The relationship between Gata2 expression and HPC function
was also examined. E9 and E10 AGMVenus1 and Venus2 cells were

Figure 1. Gata2 Venus reporter construction and validation. (A) Schematic diagram of the IRES Venus reporter selection cassette insertion in the 39UTR of the mouse Gata2

locus and Cre-mediated removal of lox PGK-Puro lox. Primers used for detection of the targeted and recombined alleles are indicated flanking the loxP sites (yellow). (B)

Representative flow cytometric analysis and sorting plot of Venus-expressing cells in the BM of adultGata2 Venus (G2V) mice. Gated regions show percentage positive and negative

viable cells. (C) Relative levels of Gata2 and Venus mRNA in sorted Venus1 and Venus2 Gata2V/1 BM cells as determined by qRT-PCR. Gata2 transcripts in Venus1 cells 5

0.11337 6 0.00681 and Venus2 cells 5 0.00012 6 0.00003 (P 5 .000076). Venus transcripts in Venus1 cells 5 0.06722 6 0.00799 and Venus2 cells 5 0.00036 6 0.00010

(P5 .00112). Mean6 standard error of the mean (SEM), n5 3. (D) Competitive limiting dilution transplantation strategy used to test the quantity and robustness ofGata2V/V BM

HSCs compared with wild type. Percentage of donor cell chimerism in adult irradiated recipients cotransplanted with the same number of wild-type (WT) Ly5.1/5.2 and Gata2

Venus (G2V/V) Ly5.2 BM cells. Varying numbers (13 105, 33 105, 33 106) of BM cells of each genotype were injected, and peripheral blood of recipients was analyzed for donor

cell engraftment by FACS at 1 and 4 months after transplantation. n5 2 (5 mice per group). (E) Representative FACS plots demonstrating frequency of Venus expressing cells in

E11 AGM, YS, PL, and FL. Gates indicate Venus2 and Venus1 cell fractions. Percentages represent the frequency of Venus1 cells within the viable cell fraction (Table 1).
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plated in the colony forming unit–culture (CFU-C) assay. High enrich-
mentofHPCswas found in theVenus1 fractions (Table2).Surprisingly,
HPCs were found also in the Venus- fraction, although there were very
few. At E9, the Venus1 and Venus2 fractions, respectively, yielded
8.0 6 2.1 and 0.4 6 0.4 CFU-C per AGM. CFU-C numbers increased
in theVenus1 cell fraction at E10 (69.067.1) and theVenus2 fraction
increased to 8.06 2.3 CFU per AGM. However, bi- and multipotent
progenitors were found only in the Venus1 fraction (Figure 3B).

HPCactivitywasalsoexamined in theVenus1andVenus2fractionsof
other hematopoietic tissues (Table 2). E9 and E10 VA1UA (Figure 3C),
YS (Figure 3D), and PL (Figure 3E), and E10 FL (Figure 3F) contained
progenitors in both fractions. Most HPCs were Venus1. The greatest
number of CFU-C arising from Venus2 cells was found in the E9 YS
(270.06 69.8 CFU-C/YS). These data indicate that some HPCs are not
expressing Gata2. BFU-E, CFU-G, and CFU-M were the predominant
colony types in both fractions, and in contrast to the Venus1 fractions, the
Venus2 fractions of VA1UA, YS, FL, and PL yielded few or no CFU-
GEMM. Thus, all AGM HSCs express Gata2, Gata2 expression is
associated with immature HPCs, but not all HPCs are Gata2 expressing.

Some HPCs and vascular cluster cells are formed in the

absence of Gata2

Because the Venus2 fractions of midgestation G2V hematopoietic
tissues contain CFU-C, we tested whether such hematopoietic
progenitors are present in Gata2-deleted embryos. CFU-Cs were
detected in the Gata22/2 E9 AGM, E10 AGM (Figure 4A), and E10
VA1UA (Figure 4B), although significantly fewer compared with
WT (Table 3). Gata21/2 tissues also contained fewer CFU-Cs com-
pared with WT. The E9 Gata22/2 YS contained the most CFU-C
(64.4 6 12.2; Figure 4C). In VEC-Cre:Gataf/f embryos, E10 PL
showed significantly decreased CFU-C numbers (Figure 4D), as did
E10 AGM and YS7 compared with WT. The CFU-C remaining in
Gata22/2 embryos are predominantly CFU-G and CFU-M. Very
fewGata22/2CFU-GM and no CFU-GEMMwere observed. These
data support and validate our findings in G2V embryos that not all
HPCs are Gata2-expressing, Gata2-independent progenitors exist in
each of the early hematopoietic tissues, and theGata2-expressing cell
fraction is more enriched in multipotent progenitors.

Because hematopoietic clusters appear in the VA and UA prior to
appearance in the aorta, and are larger than in the AGM,33 we further
examined these vessels. Whole-mount microscopic analysis demon-
strates that clusters form in the absence of Gata2. The number and size
of cKit1 hematopoietic clusters in early E10 Gata21/2 and Gata22/2

VA1UA are decreased compared with WT (Figure 4E). The number
of cKit1 cells decreases 20-fold in the E10 Gata22/2 VA1UA
(Figure 4F) in correspondence to the decrease in VA1UA CFU-C
(Figure 4B), suggesting that these emerging cKit1 hematopoietic
cluster cells are part of the cohort of Gata2-independent HPCs.

Alternative genetic program is expressed in Venus2

hematopoietic cells

The molecular basis for the functional differences observed in Gata2-
dependent and -independentHPCswas examined byRNAsequencing.
As most CD311Venus2 HPCs showed cKit intermediate expres-
sion, we compared this population to CD311Venus1cKitint HPCs
(Figure 5A). Gene set enrichment analysis on genes sorted by log
ratio of Venus1 vs Venus2 FPKMs revealed that genes in the Ras
signaling pathwaywere significantly enriched in theVenus1 compared
with the Venus2 fraction (Figure 5B). Genes upregulated by Ras were
enriched in theVenus1 fraction, and highlyupregulated genes included
Kras, Grb2 (Ras adaptor), and Sos1 and Sos2 (RasGEF activators)
(Figure 5C).Genes downregulated byRaswere enriched in theVenus2

fraction. RasGAP gene (renders Ras inactive) Rasa2 was highly
upregulated in theVenus2 fraction, whereasRasa1 andRasa3were
highly upregulated in the Venus1 fraction. Rasa4 and NF1 were ex-
pressed to similar levels. Also, Venus1 HPCs showed increased levels
ofCREB andCBP expression comparedwithVenus2HPCs and express
protein kinase A catalytic subunit genes, suggesting that Venus1

HPCs have the potential to activate CREB target genes. Gata2 has
CREB response element consensus sites (23 kb, 2300 bp upstream
transcription start site), suggesting that it is a downstream target.34,35

As Gata2 is a Notch target,18 a two- to fourfold higher expression
of Notch1 and Notch4 was found in the Venus1 fraction (Figure 5D).
Moreover, Snw1 andMaml1 (transcriptional coactivators in the Notch
pathway that interact with Notch) were upregulated (2- and 30-fold,
respectively) in Gata2-expressing HPCs.

Because Venus2HPCs are mainly restricted in their differentiation
potential to the macrophage and granulocytic lineages, we evaluated
their similarity to YS-derived erythromyeloid progenitors (EMPs) that
give rise to tissue-resident macrophages. Flow cytometric analysis for
EMPmarkers36 showed that 3.89%ofE10YSand0.72%ofE10AGM
cells were EMPs (Sca12cKit1CD411CD16/321). The majority of
EMPswereVenus2 (74% inYS, 85% inAGM;Figure 5F).AtE11, the
frequency of EMPs in the E11 YS and AGM decreased to 2.11% and
0.11%, respectively (Figure 5F), with 60% of YS and 77% of AGM
EMPs now being Venus1. Published transcriptome data on mouse YS
EMPs show the low expression of several chemokine receptors/ligands
(Cx3cr1, Cx3cl1, Ccl2, Ccr1, Ccl9, and Ccr7).37 The expression of
these genes was low or absent in Venus2 AGM cells compared with
Venus1 cells (Figure 5F).Also,Cxcr4 (highly expressed in EMPs)was
highly expressed in Venus2 AGM cells compared with Venus1 cells.
These results suggest that the Venus2 population shares similarities to
EMPs at the transcription level.

Analysis of FPKMs for heptad transcription factors previously
described as expressed inAGMHSCs andHPCs1-3 showed expression
in both theVenus1andVenus2AGMfractions (data not shown).Also,
other Gata factors were expressed in both fractions. In the mouse,
Gata1, 2, and 3 are hematopoietic transcription factors, whereas
theGata4, 5, and 6 factors are not directly related to hematopoiesis.

Table 1. Frequency of Venus1 cells in embryonic tissues of G2V
embryos

Tissue Stage
Number of experiments,

embryos analyzed % Venus1 cells/tissue

AGM E9, 16-25 sp n 5 4, 22 1.82 6 0.31

E10, 28-36 sp n 5 4, 29 3.27 6 0.52

E11, 43-49 sp n 5 4, 25 7.86 6 1.1

FL E9 nd nd

E10, 28-36 sp n 5 4, 10 13.89 6 0.7

E11, 43-49 sp n 5 4, 19 19.27 6 2.14

YS E9, 16-25 sp n 5 5, 8 6.28 6 0.47

E10, 28-36 sp n 5 6, 9 6.17 6 0.86

E11, 42-46 sp n 5 1, 3 5.25 6 0.59

PL E9, 17-23 sp n 5 3, 4 10.91 6 0.49

E10, 28-35 sp n 5 3, 6 10.8 6 1.92

E11, 42-46 sp n 5 1, 3 10.01 6 4.64

The frequency of Venus1 cells within the viable cell fraction of embryonic tissues

per embryo is presented. FACS analysis of single cell suspensions of dissected

embryonic tissues was performed to define the percentage of cells expressing Venus.

AGM contains part of the vitelline and umbilical arteries. Our data for the total number

of cells in each tissue (data not shown) correlated with published data for YS and

E9.5 AGM29 and for FL.30 The data represent mean 6 SEM of 3 to 6 independent

experiments, with the exception of E11 YS and PL data (data represent the mean 6

standard deviation of 1 experiment. E, embryonic day; n, number of independent

experiments, number of individual embryos analyzed; nd, not done; sp, somite pairs.
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qRT-PCR performed on E10.5 AGM CD311cKit1 cells (Figure 6A)
confirmedGata3 expressionbyboth theVenus1andVenus2 fractions,
and Gata4 was significantly higher in the Venus2 fraction. Gata1, 5,
and6 transcriptswere low/not detected. ImmunostainingofE10.5AGM
(WT) showed Gata3-expressing cells in the mesenchyme underlying
the ventral aspect of the aorta, aortic endothelial cells, and some cells
emerging from the aortic wall (Figure 6B) in agreement with Fitch.38

G2VE10.5AGMconfirmed that some aortic endothelial cells coexpress
Gata3 andGata2 (Figure 6C). Gata4 expressionwas also found in aortic
endothelial (CD341) cells, but it did not overlap with Gata2 expression

(Figure 6D). Together, these results suggest that Gata3 and/or Gata4
may provide some function in Gata2-independent hematopoietic cells.

Discussion

In this study, we prospectively enriched and characterized Gata2-
dependent and -independent HPC subsets from our novelGata2Venus
reporter mouse. Molecular analyses, together with the fact that some

Figure 2. Localization of Gata2Venus-expressing cells in embryonic hematopoietic sites. Confocal images of a whole mount immunostained E10.5 Gata2Venus

embryo showing (A) Venus (green), (B) CD31 (magenta), and (C) merged expression. Venus-expressing cells are detected in the AGM along the wall of the dorsal aorta

(dotted lines), the FL, NT, and OB. (D) Confocal image of a transverse section through the E10.5 AGM. DAPI staining (blue), CD31 (red), and Venus fluorescence (green)

revealed Gata2-expressing aortic endothelial and hematopoietic cluster cells and UG and FL cells. Enlarged images of D showing Gata2-expressing cells in (E) AGM (DA,

dorsal aorta; UG, urogenital ridges; arrowheads indicate hematopoietic cluster) and (F) FL. Venus (green) and CD34 (red) fluorescence showing endothelial and

hematopoietic cluster cells in (G) E9 paired aorta, (H) umbilical artery (UA) at E9, and (I) E11 aorta. Arrowheads indicate hematopoietic cluster. (J-M) Images of E10.5 YS

section showing DAPI merged, Venus, CD31, and merged fluorescence. Arrow denotes an endothelial cell expressing Venus and CD31.
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vascular hematopoietic cluster cells and HPCs persist in the absence
of Gata2 expression, suggest that an alternative genetic program exists
for the production of HPCs. The transcriptome differences observed
betweenVenus1andVenus2HPCsmayoffer possibilities for pathway
modifications to achieve the programming complexities necessary for
the generation/function of normal definitiveHPCs and provide insights
into the factors involved in myeloid leukemogenesis.

Gata2 expression in the developing hematopoietic system

We showed the temporal and quantitatively coordinate transcription
of Venus and Gata2 in our G2V mouse model. The strategy used39

eliminates expression level and protein alterations that affect HP/SC
development. InG2V embryos, we showed that the cells with the most
robust and complex hematopoietic potential (all HSCs andmost HPCs)
are Gata2 expressing. Imaging and FACS analyses of G2V embryos
confirm that Gata2 is expressed in all hematopoietic sites during
midgestation and that the numbers of Gata2-expressing cells reflect the
developmental and temporal hematopoietic changes occurring in each

site. At E9, Gata2-expressing cells are found predominantly in the YS,
which at this time produces the highest numbers of the hematopoietic
progenitors (EMP) in the conceptus. Slightly later as hematopoiesis
begins in the AGMand FL, the numbers of Gata2-expressing cells also
increase.Thehighest numbersofCD311cKit1cluster cells are found in
the aorta,VA, andUAatE10.5, as quantitated bywhole-mount embryo
imaging.33Most, but not all, hematopoietic cluster cells express Gata2,
and Gata2 expression may be downregulated as HPCs differentiate.
However, we found some hematopoietic cluster cells and HPCs in
the E10 Gata22/2 vasculature, confirming the existence of Gata2-
independent HPCs.5

Importantly, Gata2 is expressed in the endothelial cells of the DA.
Already at E8.5, endothelial cells lining the paired dorsal aortae express
Gata2, and it continues to be expressed in the E10.5 aorta when HSCs
are generated, thus highlighting an involvement of Gata2 in the
hemogenic program of endothelial cells. Data in VE-cadherin
conditionalGata2-deficient mice and other models7,19,28,40 strongly
support the notion that Gata2 is required in hemogenic endothelium

Figure 3. Quantitation of functional HSCs and HPCs

in G2V embryonic hematopoietic tissues. HSCs in

sorted Venus1 and Venus2 cell fractions of E11 AGM

were analyzed by transplantation into irradiated adult

recipients. (A) Percentage donor cell chimerism was

determined by Venus PCR of peripheral blood DNA at

4 months after transplantation. Each dot represents

1 recipient receiving 1.7 to 6.5 embryo equivalent (ee)

of AGM cells. n 5 7. **P 5 .0089. (B-F) Hematopoietic

progenitor number per tissue in sorted Venus1 and

Venus2 cell fractions of (B) E9 and E10 AGM, (C) E9

and E10 VA1UA, (D) E9 and E10 YS, (E) E9 and E10

PL, and (F) E10 FL. CFU-C per 1 ee of tissue is shown.

Colony types designated by colored bars are CFU-

granulocyte, erythroid, monocyte, megakaryocyte (GEMM);

CFU-granulocyte, macrophage (GM); CFU-macrophage

(M); CFU-granulocyte (G), and burst forming unit-erythroid

(BFU-E). SEM of total CFU-C is shown; 2 ee of somite

pair–matched tissues were pooled for sorting and yielded

1 ee for colony analysis.

Table 2. CFU-C number in Venus1 and Venus2 cell fractions of G2V embryonic tissues

Tissue Stage Number of experiments, embryos analyzed

CFU-C/tissue/sorted cell fraction

Venus2 Venus1

AGM E9, 20-23sp n 5 2, 5 0.4 6 0.4 8.0 6 2.1

E10, 32-35sp n 5 2, 6 8.0 6 2.3 69.0 6 7.1

VA1UA E9, 20-23sp n 5 2, 5 0.8 6 0.5 2.4 6 1.0

E10, 32-35sp n 5 2, 6 7.0 6 1.5 197.7 6 36.9

YS E9, 20-23sp n 5 2, 5 270.0 6 69.8 1020 6 137.3

E10, 32-35sp n 5 2, 5 130.0 6 25.5 1252.0 6 156.0

PL E9, 20-23sp n 5 2, 5 4.0 6 1.3 22.0 6 2.5

E10, 32-35sp n 5 2, 6 14.5 6 5.3 251.7 6 32.4

FL E10, 32-35sp n 5 2, 6 20.5 6 7.6 248.7 6 75.2

Number of total CFU-C (mean 6 SEM) per tissue per G2V embryo for the sorted Venus2 and Venus1 cell fractions at E9 and E10.
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for the emergence of HSCs, as does the morpholino knockdown of
Gata2b in zebrafish.41

Gata2 and the relationship with hematopoietic function

Prospective isolation and in vivo transplantation showed that all HSCs
areGata2 expressing. In contrast, someHPCs are present in theVenus2

cell fractions of G2V hematopoietic tissues and Gata22/2 hematopoi-
etic tissues. In both cases, theHPCs are restricted in their differentiation
potential to predominantly the macrophage and granulocytic lineages.
Currently, the EMP population is of high interest as a novel

hematopoietic cell subset providing tissue resident macrophages.37,42-44

Our FACS data revealed that EMPs are mainly in the Venus2 cell
population of E10YS andAGMand increased in the Venus1 population
at E11. Chemokine receptor/ligand gene sets obtained from a study
on EMP/microglia transcriptome comparisons allowed us to find
similarities in chemokine receptor/ligand expression between EMPs
and the Venus2 HPC fraction.

Despite prevalence of EMPs in the Venus2 cell population in E10
YS and AGM, definitive progenitors are largely Venus1. The co-
existence of these HPC subsets highlights the fact that there is more
diversity in the types of progenitors generated in the embryo than was

Figure 4. CFU-C numbers and vascular hematopoietic clusters in Gata22/2 embryos. CFU-C numbers per ee found in (A) E9 and E10 AGM, (B) E9 and E10 VA1UA,

(C) E9 and E10 YS, and (D) E10 placenta. *P , .05; **P , .01. (E) Quantitation of cKit1 hematopoietic cluster cells in VA1UA of E10 Gata21/1, Gata21/2, and Gata22/2

embryos. (F) Representative whole mount images of hematopoietic cluster cells in the VA of E10 Gata21/1 (30 sp), Gata21/2 (31 sp), and Gata22/2 (30 sp) embryos stained

for cKit expression.

Table 3. CFU-C number per E9-E10 Gata2-deleted hematopoietic tissues

Tissue Stage

Genotype

WT Gata21/2 Gata22/2

AGM E9, 20-23sp 8.5 6 2.3 n 5 1, 4 2.25 6 0.9* n 5 1, 4 3.0 6 1.0 n 5 1, 2

E10, 28-34sp 62.4 6 20.8 n 5 3, 7 24.0 6 7.4* n 5 3, 13 16.7 6 6.8* n 5 3, 9

VA1UA E9, 20-23sp 7.0 6 0.6 n 5 1, 4 2.25 6 0.6* n 5 1, 4 5.0 6 2.0 n 5 1, 2

E10, 28-34sp 241.1 6 67.8 n 5 3, 7 78.7 6 12.3** n 5 3, 13 12.0 6 2.5** n 5 3, 9

YS E9, 20-23sp 772.5 6 85.3 n 5 1, 4 500.0 6 71.5* n 5 1, 4 64.4 6 12.2** n 5 1, 2

E10, 28-34sp 918.6 6 147.9 n 5 3, 7 584.6 6 89.0** n 5 3, 9 25.7 6 8.0** n 5 2, 3

Gata2f/1 or Gata2f/f VEC-Cre:Gata2f/1 VEC-Cre:Gata22/2

FL E10, 30-34sp 115.8 6 35.0 n 5 2, 5 83.0 6 20.8 n 5 2, 6 22.2 6 6.7* n 5 2, 6

PL E10, 30-34sp 406.0 6 134.0 n 5 2, 5 81.0 6 25.0* n 5 2, 6 12.0 6 4.0* n 5 2, 6

Number of total CFU-C (mean 6 SEM) per tissue shown for WT, Gata2 germline, and conditional knockout embryos at E9 and E10.

*P , .05.

**P , .01.

1432 KAIMAKIS et al BLOOD, 17 MARCH 2016 x VOLUME 127, NUMBER 11

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/127/11/1426/1392267/1426.pdf by guest on 08 June 2024



Figure 5. Differential expression of signaling pathway modulators in Gata2-dependent and -independent HPCs. (A) Flow cytometric sorting gates for isolation of E10.5

AGM G2V CD311cKitintVenus2 (gray) and CD311cKitintVenus2 (green) HPCs used for RNA sequence analysis. Gene Expression Omnibus data accession number is

GSE76254. (B) Gene enrichment analysis for Ras signaling pathway genes. Bar graphs of fragments per kilobase million (FPKM) values obtained from RNA sequence

analysis of CD311cKitintVenus2 (gray bar) and CD311cKitintVenus1 (green bar) AGM cells for (C) Ras pathway and cyclic AMP response element-binding protein (CREB)

and CREB-binding protein (CBP) transcription factor genes and (D) Notch pathway genes. (E) Bar graphs of FPKM values obtained from RNA sequence analysis for a

selection of chemokine receptor/ligand genes (see Kierdorf et al37; these genes were down-/upregulated in YS EMPs compared with adult microglia [AM]). (F) Representative

FACS plots demonstrating frequency of EMPs in the Venus1 fraction, as defined as Sca12cKit1CD411CD16/321, in YS and AGM of E10 (left) and E11 (right) G2V embryos.

Numbers indicate the percentages of gated cells within the parental cell population.
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previously appreciated. In support of this are recent data from ES
cell hematopoietic differentiation cultures suggesting that there are
2 different hemogenic endothelial cell subsets45 and the fact that, in
vivo, the AGM, VA/UA, YS, PL, and head are all hemogenic
tissues.36,46-49

The highest number of Venus2HPCswas found in E9 and E10YS
(270.06 69.8 and 130.06 25.5 CFU-C, respectively) compared with
other tissues (PL, AGM, VA1UA). It is clear that Gata2 has an
important role in EHT in the hemogenic endothelial cell compartment
before or during the generation/emergence of hematopoietic cells, as
evidencedby thedecrease (but not absence) in thehematopoietic cluster
cells in Gata22/2 aorta, VA, and UA. However, it is as yet unclear at
what frequency EHT occurs in the YS, thus raising the possibility that
Gata2-independentHPCs arisedifferently thanGata2-dependentHPCs
(perhaps directly from hemangioblasts50).

We found differences in the number of CFUs from E9 YS Venus-

cells (270.0669) andGata22/2 cells (64.4612.2; Figures 3Dand4C;
Tables 2 and 3). The fourfold lower CFU number is likely related to
observations (ours and others) that colonies from Gata22/2 embryos,
YS explants, and ES cell differentiationswere smaller/less proliferative
than WT colonies, due to the complete absence of Gata2.6,7 Venus2

cells are not defective for Gata2, and the resulting colonies are normal
in size.Whereas at the timeof sorting they did not expressGata2,Gata2
expression could initiate after seeding Venus2 HPCs in methylcellu-
lose, and cells thus undergo normal proliferation/differentiation. To
test whether Venus2HPCs can convert to Venus1 cells, we analyzed
Venus expression in colonies derived from sorted YS fractions after
10 days of differentiation (Figure 7). Venus expression was found in
colonies derived from both fractions, indicating that a portion of
Venus2cells start to expressGata2 during formationof a hematopoietic
colony. Interestingly, colonies derived from Venus1 cells showed a
Gr11 and Mac11 phenotype, whereas Venus2-derived colony cells
were only Mac11. This demonstrates that Gata2 is not necessary for a

subset of HPCs and that Gata2 promotes more complex hematopoietic
function in other progenitor subsets.

Gata3/Gata4 redundancy in Gata2-independent progenitors

The expression of Gata3 and Gata4 in Venus2AGMHPCs and aortic
endothelial cells is intriguing andhighlights the potential redundancyof
Gata transcription factors in hematopoietic cell generation. Gata2 and
Gata3 can partially rescue the erythroid phenotype in Gata1-deficient
mice,51,52 and although recently it was suggested that Gata3 is
redundant in HSCs,53 others clearly show that it regulates HSC cell
cycle entry54 and self-renewal.55 The fact that Gata3 and Gata4 are
expressed in Gata2-nonexpressing enriched HPCs suggests that they
may function in this early progenitor subset. Gata3-deficient embryos
show decreased numbers of FL HP/SCs.56 Gata3 affects HSC de-
velopment non-cell autonomously by activating the expression of Th
(tyrosine hydroxylase) and hence, catecholamine production in the
ventro-lateral cells of the sympathetic nervous system underlying the
embryonic aorta.38 HSC production was rescuedwhen catecholamines
were administered to the pregnant dams. These investigators also found
that some aortic endothelial cells express aGata3LacZ reporter, leaving
open the possibility of a direct and overlapping role for Gata3 in some
HPCs.

Much less is known concerning Gata4 in hematopoietic develop-
ment. In zebrafish, there is a close relationship between anterior
hemangioblasts and cardiac precursors.57 Together withGata5 and
Gata6, Gata4 specifies these 2 anterior mesoderm derivatives. Inmice,
Gata4 is a key component of the cardiac developmental program, with
close associations between cardiac, vascular, and hematopoietic
lineages.58-60 Moreover, a subset of mouse endocardial and YS
endothelial cells express cardiacmarkers, possess hemogenic potential,
and give rise to transient definitive erythroid/myeloid progenitors.61

Our results suggest the Gata4 aortic endothelial cells and Venus2

Figure 6. Gata family gene expression in AGM

Gata2-dependent and -independent HPCs. (A) qRT-

PCR for expression of Gata1, 2, 3, 4, 5, and 6 tran-

scription factors (normalization with Gapdh) in E11

AGM CD311cKit1Venus1 and CD311cKit1Venus2 cells.

n 5 3. SEM shown with *P 5 .05 and ***P 5 .001. (B)

Transverse section of WT E10.5 AGM immunostained

for CD34 (magenta) and Gata3 (green) showing expres-

sion of Gata3 in the aortic endothelial cells and some

emerging hematopoietic cells and ventral mesenchymal

cells directly under the aorta. (C) Transverse section of

G2V E10.5 AGM immunostained for CD34 (magenta),

Gata2 (green), and Gata3 (red) showing some over-

lapping expression of Gata2 and Gata3 in aortic endo-

thelial cells (arrowheads). (D) Transverse consecutive

sections of E11 G2V AGM immunostained for CD34

(magenta) and Venus (green) in the top panels and for

CD34 (magenta) and Gata4 (red) in the bottom panels.

Gata4 expression is observed in some ventral aortic

endothelial cells and emerging hematopoietic cells

(arrow).
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Gata4-expressing HPCsmay be derivatives of mesodermal cells with a
genetic program that retains cardiac-vascular-hematopoietic potential
and can produce HPCs. Further examination of double reporter and
deficient mice should reveal the overlapping and/or redundant roles
of these Gata factors.

Gata2 as a pivotal regulator of complex hematopoietic function

RNA sequence comparisons of the functionally distinct Venus1 and
Venus2 HPC subsets revealed a strong upregulation of Kras and Ras
pathwaygenes inVenus1HPCs.This pathway is particularly important
in cell differentiation, acting as amolecular switch to relay extracellular
growth signals.62 Krasmutations confer a competitive-repopulating
advantage to BM HSCs in transplantations and initiate leukemia in
mice.63 In humans, Kras mutations (together with other cooperating
gene mutations) are prevalent in patients with various forms of
myelomonocytic and myeloid leukemia.64 Interactions between on-
cogenic Ras and Gata2 have been proposed.65 The normal function
of Kras has not yet been explored fully. However, conditional de-
letion of Kras by Vav-Cre or Mx1-Cre does not affect HSCs or the
adult hematopoietic system.66However, chimericmice, produced by
Kras2/2 ES cell blastocyst injection, show no contribution ofKras2/2

cells to the hematopoietic system, suggesting that Kras may be
important during the embryonic development of the hematopoietic
system but not after its generation.

The low expression of Notch1, Notch4, and coactivators in the
Venus2 comparedwith the Venus1HPC fraction supports the fact that
early hematopoietic cells are generated independent of this signaling
pathway or implies that these are differentiated cells that have turned
off Notch signaling.67,68 Others have shown that Notch1 deletion
impairs the development of HSCs and angiogenesis,69 but not YS
primitive or definitive hematopoiesis. Moreover, Gata2 expression

in the aortic endothelium is lost when Jagged1 (ligand) is deleted.70

Our data demonstrate a direct relationship for Notch and Gata2
expression, strongly supporting a pivotal role for this pathway in
the generation of functionally complex hematopoietic cells. In the
absence of Notch signaling, less complex HPCs emerge in the AGM
or are immigrants from the YS.18,69,70 In addition, our observed
upregulated expression of some CREB genes in Venus1 HPCs
supports the involvement of these regulators in definitive hematopoi-
etic cell generation.71 Our Gata2Venus model, in combination with
recently reportedGata2distal enhancer-Evi1mousemodel, will allow
for a direct examination of the cells relevant to leukemogenesis.12

In conclusion, we enriched, localized, and characterized Gata2-
dependent and -independent subsets of hematopoietic progenitors
in Gata2Venus embryos. The combination of this reporter with
other reporter and knockout models will lead to a better understand-
ing of the role of Gata2 (and other factors) in the development and
function of multipotential HP/SCs in health, leukemogenesis, and
reprogramming.
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