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Running Title: GATA2 in early human hematopoiesis 
 
 
Summary 
 

In vertebrates, GATA2 is a master regulator of hematopoiesis and is expressed 

throughout embryo development and in adult life. Although the essential role of 

GATA2 for the onset of mouse hematopoiesis is well established, its involvement 

during early human hematopoietic development is not clear.  

By combining time-controlled overexpression of GATA2 with genetic knockout 

experiments, we found that GATA2, at the mesoderm specification stage, 

promotes the generation of hemogenic endothelial progenitors (HEPs) and their 

further differentiation to hematopoietic progenitor cells, and negatively regulates 

cardiac differentiation. 

Surprisingly, genome-wide transcriptional and chromatin immunoprecipitation 

analysis showed that GATA2 bound preferentially to regulatory regions, and 

repressed the expression of cardiac development-related genes. By contrast, 

genes important for hematopoietic differentiation were upregulated by GATA2 in a 

mostly indirect manner. Collectively, our data reveal a hitherto unrecognized role of 

GATA2 as repressor of cardiac fates, and highlight the importance of coordinating 

the specification and repression of alternative cell fates. 

 

eTOC 

Giorgetti A. and colleagues demonstrate that GATA2 induction in early 

mesodermal cells leads to the robust generation of hemogenic endothelial and 

hematopoietic cells from human iPSCs. They show the ability of GATA2 to instruct 
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mesodermal precursors towards a hematopoietic cell fate and concurrently inhibit 

cardiac fates. This study expands our understanding of the regulatory networks 

that control early human hematopoiesis. 

 

Introduction 

During embryonic development, hematopoietic stem cells (HSCs) emerge from 

hemogenic endothelium (HE) in the ventral wall of the aorta-gonad-mesonephros 

(AGM) region (Dzierzak and Speck, 2008; Ivanovs et al., 2014; Ivanovs et al., 

2011). Specification of definitive HSCs is a highly orchestrated process delineated 

by temporal changes in the expression of master regulators (transcription factors 

and secreted molecules) during endothelial-to-hematopoietic transition (EHT). 

Animal models have been instrumental in elucidating some of these master 

regulators, including GATA2, RUNX1 and TAL1 (Robert-Moreno et al., 2005; 

Wilson et al., 2010a; Wilson et al., 2010b). However, how these factors execute the 

genetic instructions driving human HSC emergence during EHT is poorly 

understood. 

GATA2 transcription factor belongs to an evolutionarily conserved family of zinc 

finger proteins composed of six members – GATA1 through GATA6 (Merika and 

Orkin, 1993; Molkentin, 2000). Of these members, GATA2, together with GATA1 

and GATA3, are categorized as “hematopoietic” GATA factors, and regulate the 

development and function of diverse hematopoietic lineages (Bresnick et al., 2012; 

Johnson et al., 2012; Katsumura et al., 2017; Orkin, 1992). The importance of 

GATA2 in the regulation of HSC specification was first highlighted by gene 

targeting studies. Ablation of GATA2 leads to early lethality at embryonic day 10.5 
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because of a collapse of primitive and definitive hematopoiesis (Gao et al., 2013; 

Ling et al., 2004; Tsai and Orkin, 1997). Notably, analysis of chimeric embryos 

generated with Gata2-null embryonic stem cells (ESCs) indicated that these cells 

failed to contribute to any hematopoietic lineage (Tsai et al., 1994). Further works 

showed that mouse Gata2-null endothelial cells failed to produce HSCs because of 

impaired EHT (de Pater et al., 2013; Gao et al., 2013; Johnson et al., 2012; Lim et 

al., 2012). A primary role of GATA2 in promoting EHT has also been recently 

demonstrated in humans (Gomes et al., 2018; Kang et al., 2018; Zhou et al., 

2019). Moreover, studies in Gata2 heterozygous mice demonstrated altered 

integrity of definitive hematopoiesis, leading to a reduced number of HSCs in the 

AGM (de Pater et al., 2013; Lim et al., 2012) and of progenitor cells in bone 

marrow (BM) (Rodrigues et al., 2005). 

In adult hematopoiesis, GATA2 is expressed at high levels in HSCs and early 

hematopoietic progenitors, as well as in erythroid/megakaryocytes lineages 

(Vicente et al., 2012). Further evidence for the important role of GATA2 in HSCs 

has emerged from recent studies showing that GATA2 haploinsufficiency is 

associated with some familial cases of myelodysplastic syndrome, BM failure, 

immunodeficiency, aplastic anemia and MonoMAc syndrome (Dickinson et al., 

2014; Ganapathi et al., 2015; Hirabayashi et al., 2017; Kazenwadel et al., 2012; 

Spinner et al., 2014; Wlodarski et al., 2016). Conversely, enforced expression of 

GATA2 in cord blood (CB) HSCs confers increased quiescence, an important 

hallmark of HSCs (Tipping et al., 2009). 

To explore the role of GATA2 during human hematopoietic development, we 

undertook a study aimed at inducing GATA2 expression in differentiating human 



5 
 

induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2007). Here we show 

that transient induction of GATA2 during mesoderm patterning robustly promotes 

hemogenic endothelial progenitors (HEPs) generation and their further 

differentiation into hematopoietic progenitor cells (HPCs). Global transcriptome 

analysis and chromatin immunoprecipitation combined with DNA massive 

sequencing (ChIP-Seq) revealed that GATA2 induction directly represses genes 

that promote cardiac cell fate differentiation, and indirectly activates master 

hematopoietic regulators. Remarkably, GATA2 knockout impaired hematopoietic 

development and enhances cardiac potential of mesodermal progenitors.  
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Results 

GATA2 induction promotes robust hematopoietic differentiation 

To analyze the impact of GATA2 during early human hematopoiesis, we first 

examined endogenous GATA2 expression in hiPSCs induced to form embryoid 

bodies (EBs) in serum-free medium with the successive addition of BMP4 (day 0–

3, CHIR92001 (day 2–3) and hematopoietic cytokines (day 3–15) (Figure 1A). This 

experimental protocol promotes mesoderm induction (day 2–3), specification of 

mesodermal cells to bipotential hemato-endothelial progenitors 

(CD31+CD34+CD43-CD45-; day 3–10) that can originate both endothelial and 

hematopoietic cells and could be considered equivalent to hemogenic endothelial 

progenitors (HEPs)(Ayllon et al., 2015) and further commitment of HEPs to 

definitive HPCs (CD34+CD43+CD45+; day 10–15) (Giorgetti et al., 2017; Sturgeon 

et al., 2014). During this cellular specification, GATA2 was initially expressed at 

day 2 (Figure 1B), at the onset of mesoderm formation marked by the expression 

of T and MIXL1 (Figure 1C). GATA2 expression then progressively increased 

along with the emergence of HEPs and HPCs, in parallel with the master 

hemogenic regulators RUNX1 and SCL (Figure 1B). 

To determine the developmental impact of GATA2 in early human hematopoiesis, 

we established transgenic hiPSCs in which the expression of transgenic GATA2 

could be temporally controlled and specifically induced by doxycycline (Dox) 

administration (hereafter termed iGATA2-hiPSCs), (Figure S1A). Robust 

transgenic overexpression of GATA2 was confirmed in four clones (CL6, CL9, 

CL201, CL204) derived from two independent iGATA2-hiPSC lines by western 

blotting after 2 days of Dox treatment (1 µg/µL) (Figure S1B). qRT-PCR analysis 
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and in vivo functional assays showed that iGATA2-hiPSCs retained the expression 

of pluripotency markers and also the capacity to generate teratomas (Figure S1C), 

indicating that the pluripotency of the engineered hiPSCs was not compromised by 

the GATA2 transgene.  

To elucidate the role of GATA2 for hematopoietic emergence, and considering the 

expression of endogenous GATA2, we induced GATA2 expression from day 2 to 7 

of EB development (Figure 1A; Figure S1D–G). Flow cytometry analysis showed 

that enforced expression of GATA2 during this time window consistently enhanced 

the production of HEPs (~2.5-fold increase of CD31+CD34+CD45- cells and ~2-

fold increase of CD34+CD43-CD45- cells; p < 0.001 and p < 0.05, respectively) in 

EBs at day 10 (Figure 1D and E), and promoted a robust generation of HPCs (~5-

fold increase of CD34+CD43+CD45+ cells; p < 0.01) at day 15 of EB differentiation 

(Figure 1E and E). These results suggest that GATA2 has important roles driving 

human HPC formation.  

We further confirmed that GATA2 overexpression promotes hematopoiesis from 

hiPSCs using standard colony-forming unit (CFU) assays. Dox treatment (day 2–7) 

resulted in a significant increase in the total number of hematopoietic CFCs at day 

10 of EB development (Figure 2A). Importantly, CFU scoring revealed an 

enhancement in all types of hematopoietic colonies (Figure 2A), suggesting that 

GATA2 expression promotes hematopoietic commitment by inducing mesodermal 

specification to HEPs at very early stages.  

To better understand the role of GATA2 in early hematopoiesis, we Dox-treated 

iGATA2-hiPSCs at distinct stages of EB development (d2–d7; d7–d15; d10–d15). 

As shown in Figure 2B, the induction of GATA2 during d2–d7 had the greatest 
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effect on HEP and HPC generation, while treatment during d7–d15 led to no 

significant changes in the HEP population and only a slight effect was observed for 

early HPCs. By contrast, GATA2 overexpression during d10–d15 led to a 

significant reduction in the number of HPCs (Figure 2B), consistent with previous 

findings showing that high GATA2 expression in HSCs blocks normal 

hematopoiesis (Persons et al., 1999; Tipping et al., 2009). These data suggest that 

the expression of GATA2 from d2–d7 is critical for efficient HEP induction and HPC 

differentiation. 

To address whether the higher hematopoietic output could be a consequence of a 

higher HEP generation, CD34+ cells were purified from day 10 EBs with or without 

Dox treatment, and were recultured on OP9 stromal cells (Choi et al., 2009; 

Ramos-Mejia et al., 2014) (Figure 2C, upper panel). After 4 days of coculture, both 

CD34+CD45+ and total CD45+ cell subpopulations increased significantly in the 

cocultures derived from Dox-treated cells (~3-fold and 4-fold, respectively), 

whereas the number of HEPs decreased slightly (Figure 2C, lower panel). To 

further characterize the effect of GATA2 on during mesoderm patterning, we 

performed single-cell cloning assays of mesodermal cells (KDR+CD34-CD31-) 

using OP9 stromal cells and with conditions promoting both endothelial and 

hematopoietic differentiation. As shown in Figure S2A (upper table), Dox treatment 

slightly increased hematopoietic/endothelial ratio when compared with control (No 

Dox conditions). Then, we repeated single-cell clonal analysis of 

CD31+CD34+CD43- cells purified from day 7 EBs with or without Dox treatment. 

Dox-treated cells enhanced the number of hematopoietic colonies whereas gave 
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rise to a less proportion of wells with endothelial growth (Figure S2A, lower table), 

increasing the hematopoietic/endothelial ratio by than 4 fold.  

Because GATA2 has been associated with cell survival of adult HSCs (Tipping et 

al., 2009), we next questioned whether the increase in hematopoiesis was the 

consequence of GATA2-mediated proliferation/survival of emerging HEPs and 

HPCs. Accordingly, we analyzed apoptosis and cell cycle distribution after GATA2 

induction in HEPs and HPCs at day 10 and day 15 of EB development, 

respectively, finding that GATA2 induction did not affect survival or proliferation of 

differentiating cells (Figure 2D and E; Figure S2B).  

Altogether, our data are consistent with recent reports (Kang et al., 2018; Zhou et 

al., 2019) showing that, rather than induction of HEP specification or the selective 

proliferation/survival of HEPs/HPCs, GATA2 induces hematopoietic development 

through the promotion of EHT.  

 

GATA2 activates hematopoietic program and inhibits cardiac genes 

To gain further mechanistic insight into how GATA2 promotes hematopoietic 

development, we performed RNA sequencing (RNA-seq) of FACS-sorted control or 

GATA2-overexpressing HEPs from days 2 to 7 of differentiation. We used the 

criteria of >1.5 fold change and adjusted p-value < 0.05 to identify differentially 

expressed genes in the two treatment groups. 

Among the 1127 genes significantly deregulated, 700 were downregulated and 427 

were upregulated by GATA2 induction (Table S2). Consistent with our in vitro 

results, GATA2 activated a broad spectrum of genes regulating HSC/HPC 

development (RUNX1, MYB, STAT1, ITGA2B/CD41, SPN/CD43, SPI1/PU.1, ZBT3 
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and ALDH1A1), as well as of genes of myeloid (CD33, CD53, CD48, CSFR1 and 

MPO) and erythroid lineages (NFE2, GATA1, KLF1, HBZ, HBE1, HBA1 and 

HBG2) (Figure S3A). Proinflammatory cytokines have been proposed as positive 

regulators of definitive hematopoiesis in the mouse AGM region and its zebrafish 

equivalent (Espin-Palazon et al., 2014; He et al., 2015; Sawamiphak et al., 2014). 

In accord with these findings, gene ontology (GO) and gene set enrichment 

analysis (GSEA) showed that GATA2-overexpressing HEPs were highly enriched 

for genes associated with the immune response (IRF7, IFI27, IFIT1, TMEM173, 

IFI6, IFITM1, TRIM6, TRIM14, TRIM25), (Figure S3A). Surprisingly, several highly 

significant GO categories of the downregulated genes were related to heart 

development and cardiogenesis (Figure S3B). The cardiac-related genes included 

transcription factors such as TBX3, MYOCD, PTX2, NR2F2, FOXC2, as well as 

structural proteins including TNNC1, RYR3, SPNS2, DVL3, SMO, NEBL, HEG1 

and CCM2L (Figure S3B).  

Furthermore, expression of genes related to angiogenesis and endothelial cell 

differentiation (JAG-1, KDR, SOX17, PCDH12, TEK, ESM1, SCUBE1) were also 

found downregulated (Figure S3B). These data strongly suggest that GATA2 has a 

dual activity during mesodermal patterning.   

 

GATA2 directly binds cardiac genes  

To determine the direct effects of GATA2 on gene transcription, we performed 

ChIP-seq analysis for GATA2 occupancy. We performed ChIP-seq analysis on 

FACS-sorted GFP+ cells at day 7 of EB development, as this coincided with the 

phase of maximum expression of the GATA2 transgene (Figure S1E). In total, we 
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identified 2,097 GATA2-binding associated genes (Figure 3A; Figure S3C and D). 

GATA2 was found enriched around the transcriptional start site of many genes 

harboring a GATA2 binding motif (Figure 3B–D, Figure S3E), indicating that 

GATA2 does not occupy unscheduled genomic binding sites in iGATA2-hiPSCs. 

Integrated analysis with RNA-seq data indicated that only 8.2% of upregulated 

genes were decorated with GATA2 (35 genes in total), whereas up to 20.4% of 

downregulated genes were occupied by GATA2 (143 in total) (Figure 3E). 

Probabilistic analysis indicated that GATA2 occupancy on repressed genes was 

significantly higher than would be expected by random chance (P < 10-16), 

suggesting a predominant function of GATA2 repressing gene transcription during 

mesodermal lineage differentiation (Figure 3E). Among the upregulated GATA2-

target genes, we identified determinants for hematopoietic development, such as 

RUNX1 and NFE2 (Figure 3F and G). Interestingly, we found that several of the 

downregulated GATA2 target genes were associated with heart development, such 

as TBX3 and PITX2 (Figure 3F and G), confirming the RNA-seq data. 

The specific binding of GATA2 to proximal gene regions of cardiac regulators 

strongly suggests that GATA2 directly controls the repression of genes involved in 

cardiac development. To test this possibility, we conducted luciferase reporter 

assay in COS7 cells for three cardiac genes (TBX3, PITX2 and ISL-1), according 

to the ChIP-seq data. As shown in Figure 3H, luciferase activity driven by the 3’ 

untranslated region (UTR) of the TBX3 promoter, the -1960/+369 region of the ISL-

1 promoter, and the -4350/-3192 region of the PITX2 promoter, was significantly 

reduced by GATA2 coexpression. Thus, in addition to validating GATA2 as a pro-
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hematopoietic fate regulator, these data point to an additional and novel role for 

GATA2 as a repressor of cardiac regulation. 

 

Single cell RNA-seq of mesodermal and hemato-endothelial progenitors 

To better characterize the effect of GATA2 overexpression on mesodermal 

diversification, we performed single-cell RNA-seq (scRNA-seq) on FACS-purified 

mesodermal (KDR+CD34-CD31-; EBs d5) and hemato-endothelial progenitor 

(KDR+CD34+CD43-; EBs d7) cells under Dox and No Dox conditions (Figure 

S4A). EB-derived cells from day 2 were profiled as the starting population.  

In unsupervised clustering based on the Seurat method (Butler et al., 2018), we 

identified 5 transcriptionally-distinct cell clusters (Figure 4A). The t-distributed 

stochastic neighbor embedding (t-SNE) projection visualized that day 2 EB-derived 

cells formed one expression signature cluster, whereas mesodermal (d5) and 

hemato-endothelial cells (d7) showed the presence of two sub-populations in each 

cluster (Figure 4B). Next, we assigned biological identities to each cluster based on 

the expression of key marker genes (adjusted p-value < 0.05), (Table S3A/B–S4). 

Cluster 1 (EBs d2) showed high expression of pluripotency genes (NANOG, 

OCT4/POU5f1, ZFP42/REX1, DPPA4 and SALL2), indicating the maintenance of 

undifferentiated pluripotent cells. Cluster 2 (mesodermal S1) showed a multi-

lineage mesodermal identity (BMP4, MSX2, PDGFRA, LGR5, CDX2, FRZB, 

HOXA1, BMP5, FTH1, WNT5A, WNT5B, HAND1, TNNT1 and TBX3). Cluster 3 

(mesodermal S2) lacked expression of mesodermal markers, but co-expressed 

ETV2, its target TAL1, and EGFL7 which are responsible for restricting mesoderm 

specification to endothelium fate (Wareing et al., 2012) and genes suggestive of 
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mesenchymal phenotype (COL1A1, COL6A3, COL3A1, COL6A2, ACTA2 and 

LUM). Cluster 4 (hemato-endothelial S1) and cluster 5 (hemato-endothelial S2) 

shared the expression of several hemato-endothelial key markers (CDH5, 

PECAM1, ICAM2, CD40, ESAM, FLI1, ERG, ETS1 and HHEX), however hemato-

endothelial S2 cells showed a more restrictive endothelial identity (expressing 

selectively NOTCH4, SOX7, NRP2, TEK and NOS3). Furthermore, we noted that 

hemato-endothelial S1 was enriched for genes that regulate cell cycle (AURKB, 

TOP2A, CDK1, MKI67, BRCA2, CASC5 and CDCA5).  

Next, we retrospectively colored each cluster on the basis of Dox and No Dox 

conditions (Figure 4C). For each cluster, the number of cells per condition was 

calculated and each Dox condition was compared with that of the corresponding no 

Dox condition (Table S5). A Chi-squared test showed that treatment and cluster 

populations were not independent (p-value= 0.0002687). Considering an adjusted 

p-value < 0.05, the post-hoc comparisons showed that at day 5 of EB development 

the proportion of mesodermal S1 cells increased significantly in Dox conditions 

(Chi-squared = 6.816191, adjusted p-value = 0.018067005), (Figure 4D). At day 7, 

GATA2 overexpression induced an enrichment of the hemato-endothelial S1 

cluster (Chi-squared =3.082502, adjusted p-value = 0.079138704), (Figure 4D). 

Based on these data we can speculate that, at earliest stage of EB development, 

GATA2 enhances the proportion of cells with a multi-lineage mesodermal signature 

and further increases the probability at the single-cell level that a mesodermal 

progenitor acquired a hemato-endothelial transcriptional profile. These data are 

consistent with our FACS analysis (Figure S4A) and are in line with recent findings 
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showing that GATA2 overexpression enhances the generation of mesodermal cells 

and further promotes EHT (Zhou et al., 2019). 

Finally, we performed a new clustering analysis of mesodermal (d5) and hemato-

endothelial single cells (d7) based on DEGs (1127 genes) previously identified in 

our bulk RNA-seq analysis (HEPs d10), (Table S6). Using t-SNE and hierarchical 

clustering to visualize the data, five main clusters were found (Figure S4B and 

S4C). Then, we assigned identities to each cluster. GO enrichment analysis and 

Over Representation Analysis (Boyle et al., 2004) revealed that cluster 0 and 

cluster 4 were associated to hemato-endothelial progenitors (ESCR, CDH5, ERG, 

SOX17 and HOXA9), cluster 3 mesoderm (TBX3 and MSX1), cluster 1 

mesenchymal  (FN1, LAMA1 and COL5A1) and cluster 2 epiblast (EPCAM and 

CDH1), (Figure S4D). These data are in line with our previous scRNA-seq analysis 

and suggest that most of the DEGs (1056 genes) of d10 were already differentially 

expressed in our single cells at d5 and d7.  

 

GATA2 knockout inhibits hematopoietic development and favors 

cardiomyogenesis  

Our results so far strongly suggest that transient expression of GATA2 promotes 

hematopoietic differentiation by repressing alternative mesodermal fates during 

HEP specification. To address whether GATA2 is necessary for specification of 

HEPs, we used CRISPR/Cas9 gene editing to target exon 2 of GATA2 and 

generate knockout hiPSC-GATA2 clones (hiPSC-GATA2KO). After expanding 

individual clones, we selected two targeted clones with biallelic mutations (CL14 

and CL19; Figure 5A). Immunocytochemistry and qRT-PCR analysis confirmed the 
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absence of GATA2 expression during hiPSC-GATA2KO differentiation (Figure S5A 

and S5B). We did not detect any predicted CRISPR off-targets by genomic 

sequencing in our hiPSC-GATA2KO clones (Figure S5C). The hiPSC-GATA2KO 

clones retained a normal karyotype, maintained the expression of pluripotency 

markers such as OCT4, SOX2, NANOG, TRA-1-60, TRA-1-81, SSEA3, SSEA4, 

and displayed alkaline phosphatase activity (Figure S5D and S5E), confirming that 

the GATA2 knockout is compatible with human stem cell pluripotency.  

We next differentiated parental wild-type and hiPSC-GATA2KO clones into 

hematopoietic cells as described earlier (see Figure 1A). As expected, GATA2 

knockout significantly affected the generation of HEPs (CD31+CD34+CD45-) in 

day 10 EBs (Figure 5B) and markedly decreased the number of HPCs 

(CD34+CD43+CD45+) in day 15 EBs (Figure 5B). Moreover, we consistently failed 

to detect hematopoietic CFCs at day 10 of EB development (data not shown). 

In line with the transcription and ChIP-seq data, qRT-PCR analysis revealed that 

cardiac regulators such as TBX3, NKX2.5 and MYOCD were progressively 

upregulated during hiPSC-GATA2KO EB development, whereas hematopoietic 

transcription factors including SCL, GATA1, and PU.1 were markedly suppressed 

(Figure 5C).  

The above observations strongly suggest that interfering with GATA2 expression 

may be an effective strategy to generate cardiomyocytes ex vivo. To explore this in 

more detail, we differentiated hiPSC-GATA2KO and iGATA2-hiPSC lines (with or 

without Dox administration, day 2–7) to cardiomyocytes using a well-characterized 

protocol (Lian et al., 2013) (Figure 6A), and measured the expression of the 

cardiac structural proteins troponin I (cTnI) and myosin heavy chain (MHC) after 20 
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days. Remarkably, we found a ~3-fold increase in the number of cTnI+MHC+ cells 

in differentiated hiPSC-GATA2KO cells as compared with iGATA2-iPSC cells in the 

absence of Dox (Figure 6B and 6C). Conversely, Dox administration led to a 

significant decrease in the number of cTnI+MHC+ cells in the iGATA2-iPSC line 

(Figure 6B and 6C). As a functional readout of cardiomyocyte generation, we also 

monitored for the appearance of beating cells. Whereas the majority of hiPSC-

GATA2KO cells started beating at day 8–10 of differentiation and persisted 

throughout the 20-day experiment (Movie S1 and S2), very few iGATA2-iPSC cells 

treated with Dox were beating (Movie S3). Taken together, these results indicate 

that GATA2 is both an activator of hematopoiesis and a repressor of cardiac cell 

fate.  

Discussion 

Although GATA2 has long been implicated as a master regulator of murine 

hematopoiesis (de Pater et al., 2013; Kauts et al., 2017), and its dysregulated 

expression is associated with human immunodeficiency syndromes (Hirabayashi et 

al., 2017; Vicente et al., 2012; Wlodarski et al., 2016), its role during early human 

hematopoiesis has been unclear. Because of the obvious ethical and technical 

concerns in using human embryos to study hematopoiesis, hiPSCs are a useful 

surrogate model to elucidate the molecular mechanisms that drive the earliest 

stages of human hematopoietic development.  

To our knowledge, this report is the first to reveal a dual activity of GATA2 during 

human early hematopoiesis. We show that GATA2 drives mesoderm progenitors to 

differentiate into blood cells and represses cardiac fates. Indeed, our GATA2 
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knockout model confirmed that the loss of GATA2 activity impairs hematopoietic 

development and induces an increase in cardiomyocyte differentiation.  

Although GATA2 promotes hematopoietic development in vitro, GATA2 expression 

by itself is not sufficient to confer in vivo long-term engraftment potential to hiPSC 

derivatives (data not shown). These results are in line with the recent finding that a 

combination of several factors is required for the establishment of functional in vivo 

hematopoiesis from hiPSCs (Sugimura et al., 2017). 

Previous studies both in vivo and in pluripotent stem cell models have suggested 

that hematopoietic and cardiac lineages develop in close proximity and are 

mutually antagonistic (Bussmann et al., 2007; Chagraoui et al., 2018; Chan et al., 

2013; Freire et al., 2017; Kouskoff et al., 2005; Liu et al., 2013; Schoenebeck et al., 

2007; Van Handel et al., 2012). For example, overexpression of SCL in 

mesodermal cells promotes hematopoietic development at the expense of 

cardiomyogenesis during mouse ESC differentiation (Ismailoglu et al., 2008), 

whereas SCL-deficient mice show ectopic cardiomyocytes in yolk salc endothelium 

and die at embryonic day 9.5 due to the complete absence of hematopoiesis 

(Shivdasani et al., 1995; Van Handel et al., 2012). Similarly, ETV2/ER71 deficiency 

leads to a complete block of hemato-endothelial development and a concomitant 

expansion of the cardiac lineage in mutant embryos (Koyano-Nakagawa and 

Garry, 2017; Lee et al., 2008; Liu et al., 2012; Rasmussen et al., 2011), whereas 

Etv2 overexpression in differentiating mouse ESCs results in the opposite 

phenotype (Liu et al., 2012).  

To date, a direct role for GATA2 in cardiac development has not been 

demonstrated. GATA2-null mice have no apparent cardiovascular phenotype, but 
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to our knowledge studies specifically addressing heart malformation in GATA2 

mutants have not been performed. Whether GATA2 overexpression in vivo 

enhances hematopoietic cell specification while concurrently retarding cardiac 

development needs to be addressed in future studies.  

GATA2 is known to cooperate with ER71/ETV2 and SCL/TAL1 to regulate 

endothelial and hematopoietic programs in PSCs (Elcheva et al., 2014; Shi et al., 

2014). SCL/TAL1 is also a direct target of ER71/ETV2 (Rasmussen et al., 2011), 

and forms complexes with GATA2 to promote hematopoietic development (Liu et 

al., 2013). Overall, these data suggest a critical regulatory relationship between 

ER71/ETV2, SCL/TAL1 and GATA2 during mesoderm diversification. The recent 

observation that co-expression of ER71/ETV2, SCL/TAL1 and GATA2 during 

mouse ESC differentiation enhances FLK-1+ hemangioblast production while 

completely blocking cardiac output (Liu et al., 2013) supports this hypothesis. 

Nevertheless, the gene regulatory network governing hematopoietic and cardiac 

development remains poorly understood. Our bulk RNA-seq data revealed that 

GATA2 overexpression failed to upregulate ER71/ETV2 expression in our HEP 

model. These data are consistent with the finding that ER71 is expressed before 

GATA2 during both early mouse and ESC development (Liu et al., 2013). Based 

on recent findings (Chagraoui et al., 2018; Org et al., 2015), it is reasonable to 

expect that GATA2 and SCL collaborate in promoting blood specification at the 

expense of cardiac fates. However, our results from a deeper DNA motif 

enrichment analysis on GATA2 targets demonstrate the absence of SCL binding 

sites (CANNTG) in both GATA2-bound activated and repressed genes. Our data 

suggest that these two factors, at least in our experimental model, act by 
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independent pathways. Of note, recent analysis at the single-cell level revealed 

that only a subset of mouse E8.5 SCL/TAL-/- endothelial cells up-regulated 

expression of few cardiac-related genes. However, those cells did not display a full 

cardiomyocyte transcriptional program and continued to express key endothelial 

markers (Pijuan-Sala et al., 2019; Scialdone et al., 2016). Therefore, the role of 

SCL in the specification of hematopoietic fate as cadiac repressor is still a matter of 

investigation. 

 

Mechanistically, ChIP-seq experiments indicate that GATA2 acts more as a 

repressor rather than an activator during mesodermal diversification. Specifically, 

GATA2 binds directly to cardiac regulator promoters leading to their down-

regulation. Although previous studies in HPCs and mature blood cells have shown 

that endogenous GATA2 preferentially occupies sites distant to promoters (Calero-

Nieto et al., 2014; Fujiwara et al., 2009; Huang et al., 2016; Wilson et al., 2015), 

our analysis revealed GATA2 preferentially binding promoter regions. It is unclear 

at this point whether this apparent discrepancy is a consequence of cell type-

specific differences in GATA2 occupancy, the fact that GATA2 is overexpressed in 

our studies, or both. 

 

Enforced expression of instructive factors is a widely-used strategy to guide 

lineage fate commitment (Doulatov et al., 2013; Elcheva et al., 2014; Nakajima-

Takagi et al., 2013; Navarro-Montero et al., 2017; Ramos-Mejia et al., 2014; 

Sugimura et al., 2017), and offers the possibility to generate any differentiated cell 

type from hPSCs for regenerative medicine applications. Our study provides 
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evidence at cellular and molecular level that GATA2 induction promotes an 

enhancement of mesodermal cells with hemato-endothelial potential, and 

decreases the probability that alternative mesodermal fates take place. Therefore, 

GATA2 could be a novel target for manipulation to improve the yield of target cells 

(blood or cardiomyocytes) from hPSCs for drug screening and disease modeling. 

 

In summary, our findings establish a novel role for GATA2 during mesodermal 

lineage specification and provide new insights into the complex regulatory network 

that controls human early hematopoietic development. 

 

 

 

 

Experimental Procedures 

Human iPSC culture 

Human iPSCs were generated from CB-derived CD133+ cells using integrative 

(retrovirus, line CBI08#4) and non-integrative vectors (Sendai virus, line CBI01#40-

Sv), as described (Arellano-Viera et al., 2019; Ban et al., 2011; Giorgetti et al., 

2009). Human iPSC lines were maintained in a feeder-free culture system on 

Matrigel (BD Biosciences)-coated 60-mm plates in mTESR1 medium (StemCell 

Technologies). The culture medium was changed daily and cells were passaged 

weekly by dissociation with EDTA. Approval from the Spanish National Embryo 

Ethical Committee was obtained to work with hPSCs. 
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Genome engineering  

Generation of inducible GATA2-hiPSC lines was performed using the Lenti-X™ 

Tet-On® Advanced Inducible Expression System (Clontech; Cat#632162). GATA2 

cDNA was PCR amplified and cloned in frame with a vector containing a P2A-

GFP cassette. GATA2-GFP was subcloned with EcoRI in pLVX-TRE-tight vector. 

CMV promoter of the pTet-On Advanced vector was replaced by Ubiquin C 

promoter in order to avoid promoter silencing in hiPSCs (Figure S1A). Cells were 

transduced by lentivirus infection at a multiplicity of infection of 15, and single-cell-

derived clones carrying GATA2 transgene were selected in puromycin (0.25 

μg/mL) and neomycin (75 μg/mL).  

GATA2-knockout hiPSCs (iPSC-GATA2KO) were generated using CRISPR/Cas9 

technology. The CRISPR Design Tool (http://tools.genome-engineering.org) was 

used for guide RNA design, and the site-specific cleavage efficiency of up to four 

guide RNAs was tested in 293T cells using the T7 surveyor assay (Ran et al., 

2013).  Undifferentiated hiPSCs were treated with 10 µM ROCK inhibitor (Y27632; 

Sigma) for 24 hours and 2 × 105 cells were electroporated using the Neon® 

Transfection System 10 μL Kit (Thermo Fisher Scientific). Cells were transfected 

with 5 μg of pSpCas9(BB)-2A-GFP (PX458) (Addgene; #48138, 

www.addgene.org), allowing the expression of both the guide RNA and the Cas9-

GFP. At 3 days post-transfection, cells were GFP-sorted and plated as single cells 

on Matrigel-coated 48-well plates. Single-cell-derived clones were expanded and 

screened by sequencing. Previously predicted off-targets identified using CRISPR 

Design Tool were analyzed in iPSC-GATA2KO cells by Sanger sequencing. 
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Embryoid body-based hematopoietic differentiation 

Human iPSCs were differentiated as previously described (Giorgetti et al., 2017). 

Briefly, for EB generation, undifferentiated hiPSCs were dissociated with 

collagenase IV, scraped off gently from the Matrigel, transferred to low-attachment 

plates, and incubated overnight in mTESR1 medium supplemented with bone 

morphogenetic protein 4 (BMP-4; 50 ng/mL). The following day (day 1), the 

medium was changed for serum-free defined medium (StemPro-34; Invitrogen) 

supplemented with monothioglycerol (0.16 µM; Sigma), holo-transferrin (150 

µg/mL; Sigma), 50 ng/mL BMP-4, and 10 ng/mL FGFb (both purchased from R&D 

Systems). To promote the definitive hematopoietic program, EBs were treated with 

the GSK3 inhibitor CHIR99021 (3 µM) from day 2 to day 3 of culture (Sturgeon et 

al., 2014). On the third day of differentiation, EBs were changed to differentiation 

medium comprising serum-free defined medium (StemPro-34; Invitrogen) 

supplemented with monothioglycerol, holo-transferrin, 50 ng/mL BMP-4, 300 ng/mL 

Fms-related tyrosine kinase 3 ligand (Flt-3L), 300 ng/mL stem cell factor (SCF), 10 

ng/mL IL-3 and 10 ng/mL IL-6 (all purchased from R&D Systems). EBs were 

cultured until day 15 with medium changes every 3 days. Dissociated cells were 

analyzed by flow cytometry for the presence of HEPs (CD31+CD34+CD45- and 

CD34+CD43-CD45-), early HPCs (CD34+CD43+CD45+), and mature blood cells 

(CD45+), at day 10 and day 15 of differentiation.  

Hemogenic endothelial progenitors/ OP9 cocultures 

Hemogenic endothelial progenitor cell-potential was assayed as described 

(Ramos-Mejia et al., 2014). Briefly, day 10 EBs were dissociated and HEPs were 

purified by magnetic bead separation using the CD34 Microbead Kit (Miltenyi). 



23 
 

Purified HEPs (3 x 104) were plated on OP9 stroma on 6-well plates with 

differentiation medium. Cells were harvested at day 4 and analyzed by FACS as 

described above. 

Clonal experiments with FACS-sorted single mesodermal and hemato-

endothelial cells 

Single mesodermal (KDR+CD34-CD31-) and hemato-endothelial 

(CD31CD34+CD43-) cells FACS sorted from day 5 EBs were transferred to 

individual wells of 96-well plates containing OP9 feeder cells. The cells were 

cultured for up to 10 days with hematopoietic differentiation medium with/without 

Dox. Fresh medium was provided every other day. Culture plates were fixed and 

stained with CD144 (rabbit, eBioscience) and anti-CD43 (mouse, BD Bioscience). 

Hematopoietic, endothelial and mix clusters were analyzed using a fluorescent 

microscope.  

Cardiac differentiation 

Human iPSCs were differentiated in monolayer cultures with modulators of 

canonical Wnt signaling, as described (Lian et al., 2013). Contracting 

cardiomyocytes could be observed between day 8 and day 10 of differentiation. 

Differentiated cells were disaggregated at day 20 with 0.25% trypsin-EDTA (Gibco) 

for 5–8 min at 37ºC for FACS analysis. 

Flow cytometry analysis and FACS 

Differentiating EBs were dissociated with collagenase B (Roche) for 2 hours at 

37°C and then incubated with Cell Dissociation Buffer (Invitrogen) for 20 minutes at 

37°C. Single-cell suspensions were stained with anti-CD31-APC (Miltenyi), anti-

CD34-PE, anti-CD45-APC-H7, anti-CD43-APC, anti-CD34-PE-Cy7 (all from BD 
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Biosciences). hiPSC-OP9-cocultures were treated for 1 hour with collagenase IV, 

incubated for 20 minutes with TrypLE (Invitrogen), dissociated by pipetting, and 

filtered through a 70-μm cell strainer. Single-cell suspensions were stained with 

anti-CD34-PE, anti-CD31-APC, anti-CD45-APC-H7, and anti-mouse CD29-FITC 

(Miltenyi) to exclude OP9 cells from further analysis. Cardiomyocytes were stained 

with anti-MHC-PE (IgG2b, 1:400 BD Biosciences) and anti-cTnI-Alexa Flour 647 

(IgG2b, 1:100, BD Biosciences). Mouse IgG2b PE (1:400 BD Biosciences) and 

mouse IgG2b Alexa Fluor 647 (1:100, BD Biosciences) antibodies were used as 

isotype controls. 

Live cells identified by propidium iodide (PI) exclusion were analyzed on a Flow 

Cytometer (Gallios, Beckman Coulter) equipped with Kaluza analysis software, or 

on a FACSCanto II cytometer equipped with FACS Diva analysis software (BD 

Biosciences). Sorting of purified mesodermal and hemato-endothelial cells was 

performed using a FACSAria cell sorter (BD Biosciences), as described (Ramos-

Mejia et al., 2014). 

CFU assay 

CFU assays were performed by plating 50000 cells from day 10 EBs onto serum-

free methylcellulose (MethoCult® SF H4436; StemCell Technologies). Colonies 

were counted 14 days later using standard morphological criteria. 

Cell cycle analysis 

EBs at day 10 and day 15 were dissociated and fixed in 70% cold ethanol and 

stored at -20°C. The next day, the cells were stained with anti-CD34-FITC, anti-

CD31-FITC, and anti-CD45-APC for 15 minutes. After washing, the cells were 

suspended in PBS and 50 µg/mL PI. Cell cycle distribution was analyzed on a 
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FACSCanto II cytometer using Motif software. Cell proliferation was assessed 

using the Click-iT Plus EdU cell proliferation kit (molecular Probe). EBs were 

incubated with 10 µM 5-ethylnyl-2’-deoxyuridine (EdU) for 5 hours, dissociated and 

single-cell suspensions were analyzed by flow cytometry as previously described.  

Apoptosis analysis 

Apoptosis in HEPs (CD31+CD34+CD45-) and HPCs (CD34+CD45+) was analyzed 

by flow cytometry using the Annexin V Apoptosis Detection Kit (BD Biosciences).  

Mouse transplantation 

CB-derived CD34+ cells (2 × 104 cells/20 µL) or hematopoietic cells (50 × 105 

cells/20 µL) from day 10 EBs were transplanted into 6–8-week-old female NSG 

immunodeficient (NOD/SCID IL2Rg-/-) mice by intrafemural injection. Up to 6 hours 

before transplantation with human cells, mice received a sub-lethal total body 

irradiation dose of 2.25 Gy. Mice were killed 16 weeks after transplantation. BM 

from injected tibia, contralateral tibia and femur, liver, spleen and peripheral blood 

was collected and analyzed for human chimerism. Cells were stained with anti-

HLA-ABC-PE, anti-human CD45-APC-Cy7, and anti-mouse CD45-FITC, and 

analyzed by FACS. Animals were housed under pathogen-free conditions and all 

procedures were approved by the Animal Core Committee of Barcelona 

Biomedical Research Park and Generalitat de Catalunya. 

Western blotting 

Human iPSC lines and day 7 differentiating EBs were collected, washed in PBS 

and lysed in 50 µl RIPA Buffer (Tris-HCl pH 8, 50 mM, NaCl 150 mM, 1% NP-40, 

0.5% deoxycholate, 0.1% SDS) with 0.25 mM PMSF and complete protease 
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inhibitor cocktail (Roche) for 30 minutes on ice. Lysates were centrifuged at 

maximum speed for 10 minutes at 4ºC. Protein supernatant extracts were 

quantified using the Bio-Rad Protein Assay. For electrophoretic separation, 40 µg 

of protein was run on 8% SDS-polyacrylamide gels and transferred to PVDF 

membranes that were then blocked with 5% BSA (Sigma) in TBS / 0.5% Tween-20 

(TBS-T), and incubated overnight at 4ºC with the appropriate antibody in TBS-T 

with 5% BSA. Membranes were washed with TBS-T three times and incubated 

with an HRP-conjugated secondary antibody for 1 hour. Immunoreactive proteins 

were detected using the Amersham ECL Prime Western Blotting Detection 

Reagent (GE Healthcare). Primary antibodies used were anti-GATA2 rabbit 

polyclonal antibody (Im et al., 2005), anti-GATA2 (Cell Signaling Technologies 

#4595; rabbit 1:500), anti-β actin (Sigma; mouse 1:5000) and anti-Tubulin (Sigma, 

mouse 1:500). 

RNA purification and quantitative RT-PCR 

Total RNA was isolated using the RNAqueous-Micro Kit (Ambion). RNA (1 µg) was 

retrotranscribed to cDNA using the SuperScript III Reverse Transcriptase Kit 

(Invitrogen). Quantitative real-time PCR (qPCR) was performed using SYBR Green 

or IDT PrimeTime chemistry. Expression of GAPDH was used to normalize data. 

Primer sequences are listed in Table S1. 

RNA-sequencing 

EBs at day 10 were collected and dissociated as described above. HEPs 

(CD31+CD34+CD45-) were FACS-purified from three independent biological 

replicates (CL6, CL9 and CL201). For each clone, we analyzed three different 

pools of 50 HEP cells in Dox and No Dox conditions. Pools of 50 cells were sorted 



27 
 

directly into 2.3 μL of lysis buffer (0.2 % (v/v) Triton X-100 and 2 U/μL RNase 

inhibitor (Clontech)) in 96-well plates and stored at -80°C. RNA-seq was carried out 

using the Smart-seq2 protocol according to Picelli et al. (Picelli et al., 2014). 

Libraries were prepared using the Illumina Nextera XT DNA preparation kit. Pooled 

libraries were sequenced on the Illumina Hi-Seq 2500 platform. Reads were 

mapped simultaneously to the Homo sapiens genome (version GRCh38.81) and 

the ERCC sequences using STAR (version 2.5.2a) (Dobin et al., 2013) with default 

parameters. HTseq-count (Anders et al., 2015) was used to count the number of 

reads mapped to each gene (default options). Samples with less than 500,000 

reads mapping to endogenous RNA, with greater than 20% reads mapping to 

mitochondrial genes or with less than 8000 genes detected at 10 counts per million 

were considered low quality and removed from downstream analyses. All samples 

passed quality control. The data were normalized using size factors (Love et al., 

2014) defined by DESeq2. Highly variable genes were identified as described 

(Brennecke et al., 2013). In brief, we fitted the squared coefficient of variation as a 

function of the mean normalized ERCC counts and selected the genes that 

exceeded 50% of biological coefficient of variation. In the fitting procedure, to 

minimize the skewing effect due to the low expressed genes, only ERCCs with a 

mean normalized count greater than the 80th centile were used. Genes with an 

adjusted p-value (Benjamini-Hochberg method) less than 0.1 were considered 

significant. This resulted in 501 highly variable genes. PCA and tSNE 

dimensionality reduction were performed using prcomp (Krijthe, 2015; Venables 

and Ripley, 2002) package in R. Differentially expressed genes were identified 
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using DESeq2 (1.16.1) (Love et al., 2014) for all genes with a false discovery rate 

(Benjamini-Hochberg) lower than 0.1. 

Single-cell RNA sequencing  

Full-length single-cell RNA sequencing libraries were prepared using the Smart-

seq2 protocol (Picelli et al., 2014) with minor modifications. Briefly, freshly 

harvested single cells were sorted into 96-well plates containing the cell lysis 

buffer. Reverse transcription was performed using SuperScrpit II (Invitrogen) in the 

presence of oligo-dT30VN, the template-switching oligonucleotide and betaine. 

The cDNA was amplified using the KAPA Hifi Hotstart ReadyMix (Kappa 

Biosystems), ISPCR primer and 24 cycles of amplification. Following purification 

with Agencourt Ampure XP beads (Beckmann Coulter), product size distribution 

and quantity were assessed on a Bioanalyzer using a High Sensitvity DNA Kit 

(Agilent Technologies). In total, 140 pg of the amplified cDNA was fragmented 

using Nextera® XT (Illumina) and amplified with indexed Nextera® PCR primers. 

Products were purified twice with Agencourt Ampure XP beads and quantified 

again using a Bioanalyzer High Sensitvity DNA Kit. Sequencing of Nextera® 

libraries from 384 cells was carried out using one sequencing lane on a Illumina 

HiSeq2500 v4. The sequencing data were aligned with STAR against the GRCh38 

human reference. Cells with less than 65% of mapped reads or a read depth lower 

than four median absolute deviations from the median of total mapped reads were 

discarded. Genes expressed in fewer than five cells were also removed. Read 

counts from 444 single cells (91% of total cells) were used to perform the 

downstream analyses. Normalization, clustering, gene marker detection and 

visualization were performed using the Seurat package (version 2.3.4). The 
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number of principal components was selected according to their significance and 

the resolution parameter set to 0.6, resulting in cluster numbers reflecting the 

expected biological variability. Cluster-specific markers were then identified based 

on a Wilcoxon rank-sum test. Chi-squared tests were used for comparing 

differences between treatments, and the resulting raw p-values where adjusted by 

the Benjamini-Hochberg false discovery rate (FDR) method (Benjamini and 

Hochberg, 1995). 

Chromatin immunoprecipitation combined with DNA massive sequencing  

GATA2-iPSCs (CL6 and CL9) were differentiated in the presence of DOX (from d2 

to d7). To better evaluate the effect of GATA2 overexpression, we performed the 

ChIP-seq analysis on FACS-sorted GFP+ cells from EBs at day 7, when the 

GATA2 trangene reaches its maximum level of expression. ChIP experiments were 

performed with ~1.5 × 106 cells using the ChIP-IT High Sensitivity Kit from Active 

Motif (#53040), using specific antibodies for GATA2 (Santa Cruz; sc-9008) or 

Rabbit IgG as isotype control (Abcam; 172730), Libraries were prepared according 

to Illumina instructions and sequenced using the Hiseq-2000 platform (Illumina).  

Bioinformatics analysis 

ChIP-seq samples were mapped against the hg19 human genome assembly using 

Bowtie with the option –m 1 to discard those reads that could not be uniquely 

mapped in just one region (Langmead et al., 2009). MACS was run with the default 

parameters but adjusting the shiftsize to 100 bp, to perform the peak calling 

against the corresponding control sample (Zhang et al., 2008). The UCSC genome 

browser (Tyner et al., 2017) was used to provide screenshots. The genome 
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distribution of each set of peaks was calculated by counting the number of peaks 

fitting on each class of region according to RefSeq annotations. The distal region 

was defined as the region within 2.5 kbp and 0.5 kbp upstream of the 

transcriptional start site (TSS), whereas the proximal region was defined as the 

region within 0.5 kbp and the TSS. Those peaks overlapping more than one 

genomic feature were proportionally counted the same number of times. To 

generate the spie charts, we first calculated the genome distribution of all features 

in the full genome and then we used the Caroline package in R to combine the spie 

chart of each set of peaks with the full genome distribution (Feitelson, 2003). 

Each set of target genes was retrieved by matching the ChIP-seq peaks in the 

region 2.5 kbp upstream of the TSS until the end of the transcript, as annotated in 

RefSeq. The Enrichr tool was used to generate the reports of functional GO 

enrichments and other categories (Kuleshov et al., 2016). 

The meta-gene plots showing the average distribution of ChIP-seq reads along the 

region between the TSS and the transcription end site of each target gene were 

generated by counting the number of reads on this region and normalizing by the 

total number of mapped reads of the ChIP-seq sample and the length of the gene 

according to RefSeq. This value was finally averaged for the total number of genes 

in the particular gene set.  

Motif analysis of the resulting peaks and promoter sequences was performed with 

the MEME-ChIP software of the MEME suite of programs (Machanick and Bailey, 

2011). Sequencing samples (raw data and processed files) are available at NCBI 

GEO (Barrett et al., 2013) under the accession code GSE107639. 
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Luciferase assay 

PITX2 and ISL1 promoter regions were amplified by PCR from human genomic 

DNA and inserted into the KpnI and NheI sites of pGL-3 Basic (Promega, Madison, 

WI) to generate reporter plasmids. The nucleotide sequences of primer sets are: 

PITX2 Fw: GGTACCTGACAAGCCTAGCTCGTTCG and Rv: 

GCTAGCGGCTCCCAGGTAATTCGCTT; ISL1 Fw: 

GGTACCCCTAGGTCTATCCAACTTTCGC and Rv: 

GCTAGCTTCACATCTCTGGGCATTGACTG). The pGL3-TBX3-3´ UTR vector 

was kindly provided by Prof. Sharon Prince, Cancer Research Laboratory 

University of Cape Town (Peres et al., 2017). The plasmid pWPI-GATA2, available 

in our laboratory, and its empty vector pWPI, were used in this study. For luciferase 

assays, COS7 cells were transfected with 120 ng of reporter plasmid, 500 ng of 

expression plasmid, and 10 ng of pRL-null (Promega) using Lipofectamine 3000 

(ThermoFisher Scientific) and harvested 48 hours after transfection. Luciferase 

activity was analyzed using Biotek and a dual-luciferase assay kit (Promega). 

Each experiment was performed in triplicate, while all experiments were repeated 

at least three times. 

Statistical analysis 

All data are expressed as mean ± standard deviation (SD). Statistical comparisons 

were performed using Student’s t-test (95% confidence interval). Statistical 

significance was defined as a p-value <0.05. 
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Figure Legends 

Figure 1. Early GATA2 induction enhances hematopoietic development from 

hiPSCs. (A) Schematic of hiPSC hematopoietic differentiation based on EB 

generation. (B) Time course expression of endogenous GATA2, SCL/TAL1 and 

RUNX1 during EB development; expression levels were normalized to GAPDH. 

Data represent mean ± SD of 3 independent experiments. (C) Time course 

expression of endogenous mesodermal markers (BRACHYURY and MIXL1) during 

EB development; expression levels were normalized to GAPDH. Data represent 

mean ± SD of 3 independent experiments. (D) Representative flow cytometry 

analysis of HEP (CD31+CD34+CD45-, CD34+CD43-CD45-) and HPC 

(CD34+CD45+, CD43+CD45+) phenotypes in EBs at day 10 and day 15, following 

doxycycline (Dox)-inducible GATA2 expression from day 2 to 7 of differentiation. 

Cells not treated with Dox were used as a control. (E) Quantitative summary of 

HEP and HPC analysis at day 10 and day 15 of EB differentiation in control and 
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Dox-treated cells. Data represent mean ± SD of 10 independent experiments. 

Differences were determined using Student´s t test; *p < 0.05, ***p < 0.001. 

Figure 2. GATA2 induction promotes hemogenic endothelium transition. 

(A) CFU potential of day 10 EB progenitors in control and Dox-treated cells. 

Colonies were counted from each group following 2 weeks of culture and scored 

for the following morphological subsets: burst-forming unit-erythroid (E); CFU-

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

megakaryocyte (GEMM); CFU-granulocyte (CFU-G); and CFU-macrophage (CFU-

M). Data represent mean ± SD of the total number of colonies per 50000 cells 

seeded of 6 independent experiments.  Differences were determined using 

Student´s t test; *p < 0.05, **p < 0.01, ***p < 0.001. (B) Quantitative summary of 

HEP and HPC analysis at day 10 and day 15 of EB differentiation following 

stepwise treatment of Dox. Data represent mean ± SD of 6 independent 

experiments. Differences were determined using Student´s t test; **p < 0.01, ***p < 

0.001. (C) Schematic representation of the sorted-HEP cell differentiation using 

OP9 cocultures (upper panel). GATA2-induced HEPs showed a higher capacity to 

differentiate into CD34+/CD45+ and CD45+ hematopoietic cells (lower panel). 

Data represent mean ± SD of 3 independent experiments. Differences were 

determined using Student´s t test; *p < 0.05, **p < 0.01. (D) Representative dot 

plots and bar graphs show cell cycle analysis using EdU and DAPI staining on 

HEPs and HPCs treated or not with Dox. Data represent mean ± SD of 3 

independent experiments. (E) Apoptosis analysis in HEPs and HPCs in control and 

Dox-treated cells. A similar number of dead cells (annexin V+/7AAD+) and 
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apoptotic cells (annexin V+) were found in HEPs and HPCs of control and Dox-

treated cells. Data represent mean ± SD of 3 independent experiments.  

Figure 3.  Identification of GATA2 target genes during mesoderm 

specification. (A) Venn diagram indicating the overlap between the number of 

genes found targeted by GATA2 in each replicate of the ChIP-seq of GATA2 in 

EBs (plus Dox). (B) MEME-ChIP motif analysis on the sequence of the GATA2 

peaks in two independent ChIP-seq replicates showing an enrichment of GATA2 

motifs at the center of the ChIP-seq peaks, as the top-ranked motif. (C) Genomic 

distribution of ChIP-seq peaks of GATA2 compared with the whole genome in two 

independent clones. The spie chart represents the distribution of GATA2 peaks 

corrected by the genome-wide distribution of each gene feature (background circle 

distribution). The spie chart indicates that GATA2 preferentially occupies TSS 

neighborhood regions, including 5’UTR and PROXIMAL regions. DISTAL region is 

the region within 2.5 kbp and 0.5 kbp upstream of the TSS. PROXIMAL region is 

the region within 0.5 kbp and the TSS. UTR is UnTRanslated sequence. CDS is 

the protein CoDing Sequence. INTRONS are intronic regions. INTERGENIC is the 

remainder of the genome. TSS is the Transcription Start Site. (D) Meta-gene plot 

showing the GATA2 ChIP-seq profile occupancy in iPSCs (CL6 No Dox) and EBs 

(CL6 plus Dox) and IgG from -5 kb of the TSS until +5 kb of Transcription End Site 

(TES). (E) Histogram indicating the proportion of GATA2 target genes that are 

deregulated after induction of GATA (iGATA2) (up or down, 1.5-fold change, FDR 

˂ 0.05) during EBs development (p-value was calculated using Chi-square test). 

(F) Functional analysis on the mammalian phenotype enrichment ontology for the 

deregulated GATA2-target genes (MGI database). (G) UCSC genome browser 
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screenshots of several developmental hematopoietic and cardiac genes that are 

targeted by GATA2. (H) Relative luciferase activity of COS7 cells transfected with 

reporter plasmids for ISL1 (-1960/+369), PITX2 (-4350/-3192) or TBX3-3UTR 

genes and pWPI-GATA2 plasmid. Relative luciferase activity is shown as the ratio 

of luciferase activity versus that in cells cotransfected with mock vector. A 

representative result of three independent experiments performed with triplicate 

samples is shown as the mean ± SD. Differences were determined using Student´s 

t test; *p < 0.05, **p < 0.01. 

Figure 4. Single cell RNA-seq analysis reveals GATA2 as a driver of hemato-

endothelial specification. (A) Heatmap showing the expression pattern of top 10 

gene markers distinguishing 5 clusters from scRNA-seq analysis. Colored top bar 

indicates assigned cluster. Red indicates the highest scaled expression and blue 

the lowest.  (B) t-SNE visualization plot of d2 EBs, mesodermal d5 and hemato-

endothelial d7 cells according to clusters in (A). (C) t-SNE visualization plot of 

single cells of each cluster retrospectively colored by Dox (red) and No Dox 

treatment (grey). (D) Stacked bar diagram showing the percentage of cells in each 

cluster with respect to treatment conditions.  

Figure 5. GATA2 is essential for HPC development. (A) Representative 

sequencing results of targeted homozygous hiPSC clones at the GATA2 locus 

using sgRNA1 and sgRNA2. The PAM sequences are labeled in yellow. (B) 

Quantitative summary of HEP and HPC FACS analysis at day 10 and 15 of EB 

development in wild-type (WT) and hiPSC-GATA2KO clones. Data represent the 

mean ± SD fold change relative to WT iPSC lines. Differences were determined 

using Student´s t test; **p < 0.01, ***p < 0.001. (C) qRT-PCR analysis of 
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hematopoietic and cardiac regulators in WT and hiPSC-GATAKO clones during EB 

development. Data represent mean ± SD of 3 independent experiments.  

Figure 6. GATA2 knockout promotes cardiomyocyte differentiation. (A) 

Schematic of the cardiomyocyte differentiation protocol indicating development 

stage and GATA2 induction. (B) Representative FACS analysis of the percentage 

of cTnI+MHC+ cells in hiPSC-GATA2KO and iGATA2-iPSC lines (with and without 

Dox treatment) at day 20 of differentiation. (C) Bar graph showing the mean 

percentage of cTnI+MHC+ cells in B. Data represent mean ± SD of 3 independent 

experiments. Differences were determined using Student´s t test; *p < 0.05, ***p < 

0.001. 
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Table S1: Primers used for qRT-PCR analysis 

 

 
 
 
 
 
 
 
 

  

Name Forward primer (5'to 3') Reverse primer (5' to 3') 

hGAPDH GCACCGTCAAGGCTGAGAAC AGGGATCTCGCTCCTGGAA 

Pluripotency   

hCRIPTO CGGAACTGTGAGCACGATGT GGGCAGCCAGGTGTCATG 

hDNMT3B GCTCACAGGGCCCGATACTT GCAGTCCTGCAGCTCGAGTTTA 

hNANOG ACAACTGGCCGAAGAATAGCA GGTTCCCAGTCGGGTTCAC 

hOCT4 GGGTTTTTGGGATTAAGTTCTTCA GCCCCCACCCTTTGTGTT 

hREX1 CCTGCAGGCGGAAATAGAAC GCACACATAGCCATCACATAAGG 

hSOX2 CAAAAATGGCCATGCAGGTT AGTTGGGATCGAACAAAAGCTATT 

Hemaetopoietic   

GATA2 TRANS ACTACAAGGACGACGATGACAAG CGAGTCGAGGTGATTGAAGAAGA 

hGATA2 3’ AGCTTTACTGTGGCTGTCTGGAT CCGTCACCGCATACAGAATCTA 

hBRACHYURY ATGAGCCTCGAATCCACATAGT TCCTCGTTCTGATAAGCAGTCA 

hGATA1 ACCTGCACTGCCTTCATCACT AAAGTCAGGGCCCCCATAAG 

hMIXL1 CCGAGTCCAGGATCCAGGTA CCACTCTGACGCCGAGACTT 

hPU.1 TGCAAAATGGAAGGGTTTCC GTCATAGGGCACCAGGTCTTCT 

hRUNX1 GTGGTCCTATTTAAGCCAGCCC CTGAAGACACCAGCTTGACAGTTC 

hSCL/TAL1 GCGGGCCCAGCACCTTT ATGCAGAGACCAACGCAATTC 

hSOX17 TGGCGCAGCAGAATCCA CCACGACTTGCCCAGCAT 

Cardiac   

hMYOCD ACCAGTCAGATGCGGGGAA CCAAGGATTTGGACTTTACAGCA 

hNKX2.5 CTTCTATCCACGTGCCTACAGC CGCACAGCTCTTTCTTTTCGG 

hTBX3 CACCAACAACATTTCAGACAAACA TGCCACGTAGCGTGATCACT 

hTNNC1 GGACGACAGCAAAGGGAAATCT TCCAGGTCGATGTAGCCATCAG 
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Figure S1. Generation of iGATA2-iPSC lines. Related to Figure 1: 

(A) Schematic illustration of the cassette used to generate inducible GATA2-

iPSC lines (iGATA2-iPSC). (B) Western blot analysis of GATA2 protein 

expression in four selected hiPSC lines with and without Dox treatment. (C) 

qRT-PCR analysis of pluripotency genes (left panel) and teratoma assay (right 

panel) showing that GATA2 transgene does not interfere with hiPSC 

pluripotency. The data represent the mean ± SD of 3 independent experiments. 

(D) Representative flow cytometry analysis of GFP expression after Dox 

treatment in EBs d3 and d7. (E) qRT-PCR analysis showing GATA2 transgene 

induction in 2 selected hiPSC clones (CL6 and CL9) during EB differentiation. 

(F) Western blot analysis of GATA2 protein expression in EBs d7 of 

differentiation for two selected hiPSC lines with and without Dox treatment. (G) 

qRT-PCR analysis showing endogenous and wild type GATA2 expression in 2 

selected hiPSC clones (CL6 and CL9) during EB differentiation with and without 

Dox treatment.  
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Figure S2. GATA2 promote hematopoietic differentiation. Related to 

Figure 2: (A) Representative pictures of hematopoietic (HC), endothelial (EC) 

and Mixed colonies (MC) derived from single mesodermal cell (KDR+CD31-

CD34-; EBs d5) and/or Hemato-endothelial cells (CD31+CD34+CD43-, EBs d7) 

cultured on OP9 in Dox and No Dox conditions (top table). The number of HC, 

EC and MC was scored based on CD43 and Ve-cad expression after 7 days of 

culture (botton table). (B) Flow cytometry analysis of cell cycle of HEPs and 

HPCs in Dox and No Dox conditions. A similar number of cycling cells (S, G2, 

and M) were found in HEPs and HPCs of control and Dox-treated cells. 
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Figure S3. Gene expression and ChIP-Seq analysis in GATA2 induced 

Cells. Related to Figure 3: (A) GO function classification analysis of up-

regulated and down-regulated genes in GATA2-induced HEPs compared with 

control cells (HEPs No-Dox). (B) Gene set enrichment analysis (GSEA) 

showing genes up- and downregulated in HEPs at day 10 of EB differentiation 

following Dox-inducible GATA2 expression from day 2 to 7. The false discovery 

rate (FDR) q value and normalized enrichment score (NES) are shown. (C) 

Meta-gene plots showing the GATA2 ChIP-seq occupancy profile on CL9 or 

CL6 replicates for the respective target genes found in each replicate and the 

common bona fide GATA2 target genes. IgG distribution is indicated with the 

grey line. (D) Correlation plot between GATA2 ChIP-seq replicates CL6 and 

CL9 replicates on CL6 peaks found by MACS in CL6. (E) The histograms 

indicate the Top ranked motifs identified by DREME tool. 
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Figure S4. GATA2 induction enhances mesodermal cell generation and 

the activation of hemato-endothelial program. Related to Figure 4:  

(A) Representative Flow cytometry analysis of mesodermal (KDR+CD31-CD34-

) and hemato-endothelial (KDR+CD43+CD45-) phenotype in EBs at d5 and d7, 

following Dox-inducible GATA2 expression from day 2 to 7 of differentiation. (B) 

t-SNE projection of single cell, based on new clustering using DEGs of d10. 

(C) Hierarchical clustering showing the expression in single cells of the top 20 

DEGs identified (adjusted p-value < 0.05) at d10 from bulk RNA-seq. Colored 

top bar indicates assigned cluster and treatment. Red indicates the highest 

scaled expression and blue the lowest. (D) Over Representation Analysis 

(ORA) showing enrichment of genes within GO biological processes for each 

indicated clusters. Size of the bar represents the number of DEGs for each GO 

category. The color represents the adjusted p-value for each GO category. 
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Figure S5. Generation of GATA2KO hiPSC lines. Related to Figure 5: (A) 

Representative immunofluorescence images of wild-type (WT) and hiPSC-

GATA2KO EBs at day 15 of development. GATA2 protein was absent in hiPSC-

GATA2KO clones. Scale bars are 100µm. (B) qRT-PCR analysis showing 

endogenous GATA2 knockout in 2 selected hiPSC clones at day 15 of EB 

development. (C) Representative histograms of the putative off-target genes in 

the two selected GATA2KO clones. Blue lines indicate sgRNA homology to 

target sequence, red lines the PAM sequences. (D and E) Established hiPSC-

GATA2KO clones showed normal karyotypes (D) and retained the expression of 

pluripotency markers (E).  

 


