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GATA2 is a transcription factor with key roles in hematopoiesis. 
Germline GATA2 gene variants have been associated with sever-
al inherited and acquired hematologic disorders, including 

myelodysplastic syndromes. Among the spectrum of GATA2 deficien-
cy-associated manifestations thrombosis has been reported in 25% of 
patients, but the mechanisms are unknown. GATA2 was shown to be 
involved in endothelial nitric oxide synthase (eNOS) regulation and vas-
cular development. We assessed eNOS expression and angiogenesis in 
patients with GATA2 deficiency. Platelets and blood outgrowth 
endothelial cells (BOEC) from GATA2 variant carriers showed impaired 
NO production and reduction of eNOS mRNA and protein expression 
and of eNOS activity. GATA2 binding to the eNOS gene was impaired 
in BOEC from GATA2-deficient patients, differently from control 
BOEC. GATA2 deficiency BOEC showed also defective angiogenesis, 
which was completely restored by treatment with the NO-donor S-
nitroso-N-acetylpenicillamine (SNAP). Atorvastatin, but not resveratrol, 
largely restored eNOS expression, NO biosynthesis and neoangiogene-
sis in GATA2-deficient BOEC by a mechanism involving increased 
expression of the eNOS transcription factor AP-1/c-JUN, replacing 
GATA2 when the latter is inactive. Our results unravel a possible throm-
bogenic mechanism of GATA2 mutations, definitely establish the regu-
lation of eNOS by GATA2 in endothelial cells and show that endothelial 
angiogenesis is strictly dependent on the eNOS/NO axis. Given the abil-
ity of atorvastatin to restore NO production and angiogenesis by 
GATA2-deficient endothelial cells, the preventive effect of atorvastatin 
on thrombotic events and possibly on other clinical manifestations of 
the syndrome related to deranged angiogenesis should be explored in 
patients with GATA2 deficiency in an ad hoc designed clinical trial.
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ABSTRACT

Introduction 

GATA2 is a zinc finger transcription factor with key roles in the regulation of 
gene expression in hematopoietic cells.1 GATA2 binds consensus sequences in pro-
moter/enhancer regions of target genes to regulate endothelial to hematopoietic 
transition in the embryo and to maintain the stem cell pool regulating hematopoi-
etic stem cell (HSC) survival and self-renewal in the adult.2,3 Less than a decade ago 
heterozygous variants of GATA2 were first identified as the cause of four previous-
ly described hematologic syndromes, later recognized as different manifestations 
of a single genetic disorder.4-7 Heterozygous germline variants in GATA2 lead to 
what is now referred to as GATA2 deficiency, a mutable disorder with remarkable 
clinical heterogeneity involving hematopoiesis, immunity and the lymphatic sys-
tem.2,8 A number of non-hematological and non-infectious complications have also 



been reported in patients with GATA2 deficiency, and 
among these thrombosis appears to be a rather frequent 
occurrence.2,8,9 Different types of thrombotic events have 
been reported, ranging from atherothrombotic or embolic 
stroke to recurrent venous thromboembolism (VTE), reti-
nal vein thrombosis or catheter-related thrombosis, 
amounting to 25% of patients with GATA2 deficiency 
suffering thrombotic episodes, half of whom with multi-
ple events.2,8,10,11 The reason of the high incidence of 
thrombosis in GATA2 deficiency is unknown, but it has 
been suggested to be multi-factorial since patients carry-
ing GATA2 variants often have thrombotic risk factors, 
including infection, malignancy, bone marrow transplan-
tation and central venous catheters.2 GATA2 is involved 
in vascular development12,13 and the knockdown of 
GATA2 in human endothelial cells led to vascular abnor-
malities,14 suggesting a role of endothelial rather than 
coagulation abnormalities in the pathogenesis of throm-
bosis associated with GATA2 deficiency. Interestingly, 
GATA2 was found to act as a promoter of the endothelial 
nitric oxide synthase gene (eNOS), the enzyme producing 
nitric oxide (NO), in bovine aortic endothelial cells and in 
the airway epithelium.15,16 NO plays a crucial role in the 
cardiovascular system acting as a powerful antithrombot-
ic agent through its vaso-dilatatory, platelet inhibitory 
and anti atherosclerotic activities17-19 and recent data show 
that its deficiency is associated with enhanced risk of 
VTE too.20,21 However, no studies so far have explored NO 
production in patients with GATA2 deficiency. 

Here we show for the first time that platelets and 
endothelial cells from patients with GATA2 deficiency 
due to the R398W GATA2 variant exhibit impaired NO 
production and defective angiogenesis which can largely 
be corrected by pharmacologically-induced recovery of e-
NOS mRNA expression. 

 
 

Methods 

Germline GATA2 mutation patients 
The proband (II2) was a 22 years old girl with mild anemia, 

reduction of monocytes, B and NK cells, recurrent otitis and 
papilloma virus infections, compatible with the MonoMac syn-
drome.4 Her mother (I1, 65 years old) and her sister (II1, 30 years 
old) did not show any clinical phenotype, and her father (I2, 66 
years old) had a past clinical history of stroke and venous throm-
bosis. The father had suffered a first ischemic stroke at the age 
of 59, with no evidence of a cardioembolic source, and a recur-
rent ischemic stroke at the age of 66 while on aspirin. He later 
developed an unprovoked subclavian vein thrombosis and was 
then put under permanent oral anticoagulation with a direct oral 
anti-Xa drug. A thorough assessment for inherited or acquired 
thrombophilic conditions was negative. 

The study was approved by Comitato Universitario di 
Bioetica, University of Perugia (date of approval: 01/07/2019; 
approval number: 2019-21). The study was conducted according 
to the Declaration of Helsinki. Informed consent was obtained 
from the proband and all family members. 

Blood outgrowth endothelial cells 
Blood outgrowth endothelial cells (BOEC) were isolated 

from peripheral blood of the proband and her family and from 
age- and sex-matched healthy controls and cultured as previ-
ously described.22,23 For details see the Online Supplementary 
Appendix.  

Chromatin immunoprecipitation  
Chromatin immunoprecipitation (ChiP) assay was performed 

using the SimpleChiP® enzymatic Chromatin IP Kit #9002 (Cell 
Signaling, Danver, MA, USA), according to the manufacturer’s 
instructions.24,25 Purified DNA was used as template for quantita-
tive polymerase chain reaction (qPCR), using primers amplifying 
the eNOS promoter regions that are recognized by the AP-1 (for-
ward: CTCAGCCCTAGTCTCTCTGC; revere: 
GGTTCTTGGGGATAGAGGCC) and GATA2 (forward: GGT-
GCCACATCACAGAAGGA; reverse: 
CACAATGGGACAGGAACAAGC) transcription factors, as 
previously described15. For details see the Online Supplemental 
Appendix. 

Protein expression: western blotting  
Proteins were extracted from BOEC, quantified using the 

Bradford method, and Western blotting was carried out as 
described.26,27 For details see the Online Supplementary Appendix. 

Immunofluorescence analysis of GATA2 
GATA2 distribution was evaluated by immunofluorescence 

analysis with confocal microscopy, as previously described.28 For 
details see the Online Supplementary Appendix. 

Nitric oxide production 
NO generation in BOEC and platelets was studied by flow 

cytometry using a specific fluorescent probe (4-amino-5-methy-
lamino-2’,7’-Difluorofluorescein diacetate, DAF-FM diacetate, 
Invitrogen). BOEC were stimulated with acetylcholine 10 μM or 
acetylcholine 10 μM plus N5-(1-Iminoethyl)-L-ornithine dihy-
drochloride (L-NIO), a NOS inhibitor29 100 μM. Platelets were 
stimulated with type I collagen (Mascia Brunelli, Milan, Italy) at 
increasing concentrations (1-10 μg/mL) and NO-generated fluo-
rescence was analyzed as previously described.30 For details see 
the Online Supplementary Appendix. 

eNOS activity assay 
eNOS activity was measured by assessing the enzymatic con-

version of (H3)L-arginine to (H3)L-citrulline. A standard curve 
with increasing (H3)L-arginine concentrations was built for each 
assay.31 For details see the Online Supplementary Appendix. 

Treatment of blood outgrowth endothelial cells with 
eNOS inducers 

BOEC from healthy controls and from GATA2-deficient 
patients at passage 5 were seeded in 24-well plates (150×103 
cells/well) in serum-free EBM2 medium. Cells were incubated 
with atorvastatin at a concentration of 50 μM,32 or with resvera-
trol 40 μM,33 or with their vehicle (dimethyl sulfoxide [DMSO]) 
for 24 hours (h) in serum-free medium. DMSO final concentra-
tion never exceeded 0.5%. 

In vitro Matrigel angiogenesis assay 
Angiogenesis was estimated by measuring total tube length 

and by counting tubule number and branching points, as previ-
ously described.34 For details see the Online Supplementary 
Appendix. 

Statistical analysis 
Data are presented as means ± standard error of the mean. 

The t-test for unpaired data was used to analyze results with a 
significant difference set at P<0.05. For details see the Online 
Supplementary Appendix.  

Further details on materials and methods are available in the 
Online Supplementary Appendix. 
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Results 

Variant identification and blood outgrowth endothelial 
cells characterization 

The proband showed a heterozygous c.1192 C>T variant 
in GATA2 causing an arginine to tryptophan substitution 
(p.R398W). This is a known mutation affecting the zinc fin-
ger 2 (ZF2) domain of GATA2 and has been first reported as 
a recurrent missense variant in patients with the autosomal 
dominant monocytopenia and mycobacterial avium com-
plex infection syndrome (MonoMAC).4 The same het-
erozygous variant was found in the father and sister, who 
were also both affected by mild monocytopenia and reduc-
tion of B and NK cells, although to a lesser extent compared 
to the proband (data not shown), but not in the mother 
(Figure 1A). BOEC derived from GATA2-mutated patients 
and healthy controls showed all the typical endothelial sur-
face markers (CD31, CD146 and CD309) (Online 
Supplementary Figure S1A), and expressed von Willebrand 

factor (Online Supplementary Figure S1AB). No difference 
was observed between healthy control and GATA2-mutat-
ed BOEC for viability, assessed by the fluorescein diac-
etate/propidium iodide (FDA/PI) assay (Online 
Supplementary Figure S2A) or by annexin-V/PI staining 
(Online Supplementary Figure S2B). Proliferation of BOEC 
derived from GATA2-mutated patients, assessed by bro-
modeoxyuridine (BrdU) incorporation, did not differ from 
that of healthy control BOEC (Online Supplementary Figure 
S3). Cells incubated with BrdU vehicle (EBM2 medium) 
were used as negative control. 

GATA2 expression and subcellular distribution 
Real time PCR did not show differences in the expression 

of GATA2 mRNA between BOEC from healthy controls 
and those from the proband and familial carriers (Figure 
1B). Moreover, there was no evidence of GATA2 protein 
decrease compared to controls (Figure 1C). Confocal 
microscopy analysis of BOEC from healthy controls and 
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Figure 1. Normal GATA2 mRNA and protein expression and impaired GATA2 binding to DNA in blood outgrowth endothelial cells from GATA2-deficient patients. (A) 
Pedigree showing the family with p.R398W GATA2 variant. Square denotes male and circle females. In gray the father (I2) and the sister (II1) asymptomatic carriers; 
the black circle indicates the proband (II2) symptomatic carrier. The white circle indicates the wild type mother (I1). (B) Real time polymerase chain reaction (PCR) of 
GATA2 mRNA expression in blood outgrowth endothelial cells (BOEC) from healthy controls, the unaffected family member (I1), and the GATA2-deficient family mem-
bers. Expression of GATA2 mRNA is reported as fold change versus control BOEC normalized to a housekeeping mRNA (GAPDH). Values represent mean ± standard 
error of the mean (SEM) of 6 repeated measures from 6 controls and 3 different preparations from the GATA2-deficient family members (one-way ANOVA followed by 
Dunnett’s multiple comparison test). (C) Western blotting of GATA2 protein in BOEC from healthy controls, the unaffected family member (I1) and the GATA2-deficient 
family members. Actin was used as loading control. Optical densitometric analysis was performed using ImageJ software and results are expressed in arbitrary units. 
Values represent mean ± SEM of 8 repeated measures from 6 controls and 3 different preparations from the GATA2-deficient family members (one-way ANOVA fol-
lowed by Dunnett’s multiple comparison test). (D) Chromatin immunoprecipitation (ChiP) quantitative PCR using primers amplifying the endothelial nitric oxide syn-
thase gene (eNOS) promoter regions that are recognized by GATA2 performed using BOEC from healthy controls, the unaffected family member (I1) and the GATA2-
deficient family members. Aspecific binding of chromatin was excluded using immunoglobulin G (IgG)-immunoprecipitated chromatin as a negative control. Values 
represent mean ± SEM of 6 repeated measures from 6 controls and 3 different preparations from the GATA2 deficiency family members (*P<0.001 vs. controls, 
#P<0.001 vs. I1; one-way ANOVA followed by Dunnett’s multiple comparison test). Data are shown as fold change over IgG (n=3).
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from GATA2-deficient patients showed the same subcellu-
lar distribution of GATA2, both in the nucleus and cyto-
plasm, as shown by green fluorescent protein reporter 
expression, in agreement with previous data14,35 (Online 
Supplementary Figure S4). 

GATA2-binding to the eNOS gene and eNOS expression 
are impaired in GATA2 deficiency patients 

ChIP-qPCR of GATA2-bound chromatin showed that 
while GATA2 interacts directly with the human eNOS pro-
moter in BOEC from healthy controls and from the unaf-
fected family member (I1), this interaction is significantly 
reduced in all GATA2-mutated patients (Figure 1D). The 
eNOS (205 bp) signal was found in INPUT chromatin and 
in GATA2-immunoprecipitated chromatin from BOEC 
from healthy controls, while no eNOS DNA band was 
observed in GATA2-immunoprecipitated chromatin from 
BOEC from the GATA2-mutated patients (Online 
Supplementary Figure S5). In fact, patients with GATA2 defi-
ciency showed a significant and striking reduction of eNOS 
mRNA and eNOS protein, compared to healthy controls 
(Figure 2A and B). 

Silencing GATA2 reduces eNOS expression in control 
endothelial cells 

Transfection of healthy control BOEC with GATA2-tar-
geted double-stranded small interfering RNA (siRNA) 
induced a significant reduction of GATA2 mRNA, attaining 
almost total suppression with the combined treatment with 
three different siRNA (Figure 2C). GATA2 protein expres-
sion was also significantly suppressed by GATA2-targeted 
siRNA, starting 36 h after transfection and maximally at 48 
h (Figure 2D). Thirtysix h after transfection, when GATA2 
protein was strikingly decreased, a significant reduction of 
eNOS mRNA was observed (Figure 2E), while complete 
suppression of eNOS protein expression was evident 48 h 
after GATA2-targeted siRNA transfection (Figure 2F). 
Treatment of healthy control BOEC with siRNA GATA2 or 
scramble siRNA (NC) did not affect cell viability (Online 
Supplementary Figure S2A and B).   

Platelets and blood outgrowth endothelial cells from 
GATA2 deficiency patients show impaired nitric oxide 
production 

Platelets and BOEC from patients with GATA2 deficien-
cy showed defective NO production, as assessed by the 
diaminofluorescein-2 diacetate (DAF) fluorescence assay, 
compared with healthy controls. In particular, while 
platelets from healthy controls stimulated with increasing 
concentrations of collagen showed a dose-dependent rise 
of DAF-fluorescence, platelets from the GATA2-mutanted 
subjects did not. Collagen-triggered DAF fluorescence in 
platelets from GATA2-mutanted patients was significantly 
lower than that in platelets from healthy controls, at all 
concentrations of collagen used (Figure 3A). Similarly, 
BOEC from healthy controls showed a striking increase of 
DAF-fluorescence upon stimulation with acetylcholine (10 
μM), while BOEC from GATA2 deficiency subjects 
showed a significantly lower increase of DAF fluores-
cence. Acetylcholine-triggered DAF fluorescence in BOEC 
was completely abolished by preincubation with the 
eNOS inhibitor L-NIO (Figure 3B). The impairment of 
eNOS activity in BOEC from patients with GATA2 defi-
ciency subjects was confirmed by the significantly 
reduced conversion of (H3)L-arginine to (H3)L-citrulline in 

resting and acetylcholine-stimulated cells. Here too L-NIO 
suppressed H3-L-citrulline generation (Figure 3C). 
Moreover, the amount of the NO metabolites [NO2-/NO3-
](NOx) released in the supernatant by acetylcholine-stim-
ulated BOEC from GATA2-deficient subjects was signifi-
cantly reduced compared to BOEC from healthy subjects 
(Figure 3D). Finally, levels of NOx in circulating blood 
from patients with GATA2 deficiency were also signifi-
cantly reduced compared to healthy controls (Online 
Supplementary Figure S6). Acetylcholine-triggered NO 
release by control BOEC transfected with GATA2-targeted 
siRNA, as assessed by the DAF assay, was strikingly 
reduced compared with BOEC transfected with scramble 
siRNA (Figure 3E). 

GATA2 and eNOS are required for angiogenesis 
BOEC from patients with GATA2 deficiency showed 

impaired angiogenesis in a tube formation assay com-
pared with BOEC from healthy controls. Indeed tube 
length, branching points and the number of tubes were 
significantly reduced (Figure 4). In order to confirm the 
role of GATA2 and eNOS in angiogenesis, microvessel 
sprouting was evaluated in GATA2-silenced control 
BOEC. Tube formation was normal 36 h after GATA2 
silencing, when GATA2 protein is suppressed but eNOS 
protein is not yet reduced (Online Supplementary Figure 
S7), while 48 h after transfection, when both GATA2 and 
eNOS were suppressed, angiogenesis was impaired with 
alterations similar to those found in BOEC from patients 
with GATA2 deficiency (Figure 4). In order to further clar-
ify whether impaired eNOS expression, and not GATA2 
suppression, was responsible of altered angiogenesis in 
patients with GATA2 deficiency, we treated their BOEC 
with the NO donor SNAP (100 μM) for 24 h and complete 
restoration of angiogenesis was observed. Similarly, treat-
ment of GATA2-silenced control BOEC with the NO 
donor SNAP (100 μM) restored angiogenesis by signifi-
cantly increasing tube number, branching points and tube 
lenght (Figure 4). Concordantly, treatment of control 
BOEC with the eNOS inhibitor L-NIO (100 μM) impaired 
tube formation (Online Supplementary Figure S8). 

The eNOS inducer atorvastatin restores eNOS  
expression and nitric oxide production in blood 
outgrowth endothelial cells from GATA2-deficient 
patients 

Incubation with atorvastatin of BOEC from GATA2-defi-
cient patients and from healthy controls for 24 h significant-
ly increased eNOS mRNA expression compared with vehi-
cle. On the contrary, treatment with resveratrol enhanced 
mRNA expression in healthy control BOEC but not in 
GATA2-mutated BOEC (Figure 5A). These data were con-
firmed by western blotting of eNOS protein, showing a sig-
nificant increase of eNOS protein expression with atorvas-
tatin in healthy control and GATA2-mutated BOEC but 
only in healthy control BOEC resveratrol (Online 
Supplementary Figure S9A and B). BOEC derived from the 
unaffected family member (I1) showed the same behavior 
of healthy control BOEC (Online Supplementary Figure S9C). 
Increased eNOS expression induced by preincubation with 
atorvastatin was associated with enhanced NO production 
in both control and GATA2-deficient BOEC, as assessed by 
the DAF assay and by the measurement of NOx in cell 
supernatant (Figure 5B). On the contrary, preincubation 
with resveratrol enhanced the release of NO from control 
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Figure 2. Impaired GATA2 activity and expression alter eNOS mRNA and protein expression. (A) Real time polymerase chain reaction (PCR) of the endothelial nitric oxide 
synthase gene (eNOS)  mRNA expression in blood outgrowth endothelial cells (BOEC) from healthy controls, the unaffected family member (I1) and the GATA2-deficient 
family members. eNOS mRNA expression is reported as fold change versus healthy control BOEC normalized to a housekeeping mRNA (GAPDH). Values represent mean 
± standard error of the mean (SEM) of 8 repeated measures from 6 controls and 3 different preparations from the family members (**P<0.001 vs. controls; one-way 
ANOVA followed by Dunnett’s multiple comparison test). (B) Western blotting of eNOS protein in BOEC from healthy controls, the unaffected family member (I1) and the 
GATA2 deficiency family members. Actin was used as loading control. Optical densitometric analysis was performed using ImageJ software and results are expressed in 
arbitrary units. Values represent mean ± SEM of 6 repeated measures from 6 controls and 3 different preparations from the patients (one-way ANOVA followed by 
Dunnett’s multiple comparison test, *P<0.005, **P<0.001 vs. controls). (C) Real time PCR of GATA2-coding mRNA extracted from BOEC after incubation with three dif-
ferent small interfering RNA (siRNA) directed against GATA2 (25 nM) and their combinations. GATA2 expression was normalized to that of GAPDH. Values represent 
mean ± SEM of 4 repeated measures (*P<0.05 vs. controls, one-way ANOVA followed by Bonferroni’s multiple comparison test). (D) Western blotting of GATA2 protein 
extracted from BOEC after incubation with siRNA directed against GATA2 (25 nM) for 24-48 hours (h). HPRT was used as a loading control. Optical densitometric analysis 
was performed using ImageJ software and results are expressed in arbitrary units. Values represent mean ± SEM of 4 repeated measures (**P<0.001 vs. untreated 
BOEC, two-way ANOVA followed by Dunnett’s multiple comparison test). (E) Expression of eNOS mRNA after 24 h and 36 h of incubation of control BOEC with siRNA direct-
ed against GATA2 (25 nM) measured by real time PCR. The expression of eNOS is reported as fold change versus untreated BOEC and normalized to a housekeeping 
mRNA (GAPDH). Values are means ± SEM of 6 different transfection experiments (**P<0.005 vs. control BOEC, one way-ANOVA followed by Bonferroni’s multiple com-
parison test). (F) Western blotting of eNOS protein expression in BOEC treated with siRNA directed against GATA2 (25 nM) for 24, 36 and 48 h. HPRT was used as loading 
control. Optical densitometric analysis was performed using ImageJ software and results are expressed in arbitrary units. Values are mean ± SEM of 6 different trans-
fection experiments (**P<0.001 vs. control BOEC, two-way ANOVA followed by Dunnett’s multiple comparison test).
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Figure 3. Impaired nitric oxide production from platelets and blood outgrowth endothelial cells from GATA2-mutated patients. (A) 4-amino-5-methylamino-2',7'-diflu-
orofluorescein (DAF-FM)–loaded platelets from healthy controls, the unaffected family member (I1) and the GATA2-deficient family members were stimulated with 
collagen (1-10 μg/mL) and DAF-FM fluorescence intensity was recorded. Values are means ± standard error of the mean (SEM) of 6 repeated measures (**P<0.001 
vs. controls; two-way ANOVA followed by Tukey’s multiple comparison test). (B) DAF-FM-loaded blood outgrowth endothelial cells (BOEC) from healthy controls, the 
unaffected family member (I1) and the GATA2-deficient family members were stimulated with acetylcholine (ACh) 10 μM or ACh10 μM plus L-NIO 100 μM. Values are 
means ± SEM of 6 repeated measures (*P<0.0001 vs. baseline, #P<0.005 vs. control, +P<0.005 vs. ACh 10 μM; two-way ANOVA followed by Tukey’s multiple com-
parison test). (C) Endothelial nitric oxide synthase gene (eNOS) activity ((3H)L-Citrulline production) of acetylcholine- and ACh plus L-NIO-stimulated BOEC from healthy 
controls, the unaffected family member (I1) and the GATA2-deficient family members. Values are means ± SEM of 6 repeated measures (*P<0.001 vs. controls, 
#P<0.001 vs. unstimulated, two-way ANOVA followed by Tukey’s multiple comparison test). (D) Nitrite and nitrate (NOx) released in the supernatant from healthy con-
trols, the unaffected family member (I1) and the GATA2-deficient family members under resting conditions and after stimulation with ACh 10 μM for 30 minutes. 
Concentration is expressed in μM /L/150x103 cells. Values are means ± SEM of 6 repeated measures (+P<0.001 vs. Baseline, *P<0.001 vs. controls; two-way ANOVA 
followed by Tukey’s multiple comparison test). (E) DAF-FM-loaded BOEC silenced with small interfering RNA (siRNA) directed against GATA2 or scramble siRNA were 
stimulated with acetylcholine 10 μM or acetylcholine 10 μM plus L-NIO 100 μM and fluorescence was recorded. Values are means ± SEM of 6 repeated measures 
(*P<0.001 vs. unstimulated, #P<0.001 vs. controls and scramble, two-way ANOVA followed by Tukey’s multiple comparison test).
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Figure 5. Atorvastatin, but not resveratrol, increases eNOS expression and nitric oxide production of blood outgrowth endothelial cells from GATA2-mutant patients. 
(A) Real time polymerase chain reaction (PCR) of endothelial nitric oxide synthase gene (eNOS)-coding mRNA of blood outgrowth endothelial cells (BOEC) from 
healthy controls, the unaffected family member (I1) and the GATA2-deficient family members after preincubation with atorvastatin (50 μM) or resveratrol (40 μM) 
for 24 hours. The expression of eNOS mRNA is reported as fold change versus vehicle and normalized to a housekeeping mRNA (GAPDH). Values are means ± stan-
dard error of the mean (SEM) of 4 repeated measures (#P<0.001 vs. vehicle,two-way ANOVA followed by Tukey’s multiple comparison test). (B) Nitrite and nitrate 
released (NOx) in the supernatant of BOEC from healthy controls, the unaffected family member (I1) and the GATA2-deficient family members after incubation with 
atorvastatin (50 μM) and resveratrol (40 μM) for 24 h. Values are means ± SEM of 4 repeated measures (+P<0.0001 vs. resting, *P<0.001 vs. control, #P<0.0001 
vs. acetylcholine (ACh), two-way ANOVA followed by Tukey’s multiple comparison test). (C) Nitric oxide (NO) production by BOEC from healthy controls, the unaffected 
family member (I1) and the GATA2 deficiency family members. 4-amino-5-methylamino-2',7'-difluorofluorescein (DAF-FM)-loaded BOEC, after treatment with atorvas-
tatin (50 μM) and resveratrol (40 μM) for 24 h, were stimulated with ACh 10 μM or ACh 10 μM plus L-NIO 100 μM and fluorescence was recorded. Values are means 
± SEM of 4 repeated measures (*P<0.001 vs. control, #P<0.001 vs. untreated, two-way ANOVA followed by Tukey’s multiple comparison test).
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Figure 6. Legend on following page.
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BOEC but not from BOEC of patients with GATA2 defi-
ciency (Figure 5B). These results were confirmed by meas-
uring NO production in DAF-loaded BOEC (Figure 5C). 

The eNOS inducer atorvastatin restores angiogenesis 
in blood outgrowth endothelial cells from  
GATA2-deficient patients by upregulating  
the expression of AP-1/c-Jun 

Increased expression of eNOS induced by atorvastatin 
was associated with enhanced angiogenesis in both 
BOEC from healthy controls and from patients with 
GATA2 deficiency as shown by significantly increased 
tube number, branching points and tube length, while 
resveratrol was ineffective (Figure 6A). Treatment with 
atorvastatin or resveratrol did not increase GATA2 
mRNA and protein expression either in patient or in con-
trol BOEC (Online Supplementary Figure S10A to C), 
including BOEC from the unaffected family member (I1) 
(Online Supplementary Figure S10D). On the other hand, 
atorvastatin increased the expression of another eNOS 
transcription factor, c-Jun/AP-1. In fact after 24 hours of 
incubation with atorvastatin BOEC from both healthy 
controls and GATA2-mutanted patients showed a signif-
icant increase of c-Jun/AP-1 mRNA expression, an effect 
not observed with resveratrol (Figure 6B). Western blot-
ting confirmed a significant increase of c-Jun/AP-1 pro-
tein expression in BOEC from healthy controls and 
GATA2-deficient patients treated with atorvastatin, but 
not with resveratrol (Figure 6C and D). BOEC derived 
from the unaffected family member (I1) showed the 
same behavior of healthy control BOEC (Online 
Supplementary Figure S11). In order to confirm that 
increased eNOS expression after treatment with atorvas-
tatin was due to enhanced c-Jun/AP-1 binding to DNA, 
we carried out qPCR of c-Jun/AP-1-bound chromatin 
which was significantly increased in both BOEC from 
GATA2-deficient patients and from healthy controls 
treated with atorvastatin, but not with resveratrol (Figure 
6E). GATA2-bound chromatin was significantly 
increased in healthy control BOEC and the unaffected 
family member, compared to BOEC of GATA2-mutated 
patients (Figure 6F) both under resting conditions and 
after treatment with the eNOS inducers atorvastatin and 
resveratrol. Interestingly, preincubation with resveratrol 

increased GATA2-bound chromatin in healthy control 
BOEC significantly more than atorvastatin (Figure 6F). 
qPCR was confirmed by PCR followed by DNA elec-
trophoresis (Online Supplementary Figure S12). 

The eNOS inducer resveratrol enhances eNOS 
expression by upregulating Runx1 and its interaction 
with GATA2  

Resveratrol, but not atorvastatin, enhanced Runx1 pro-
tein expression both in healthy control and GATA2-mutated 
BOEC (Figure 7A and B). However, despite increased 
Runx1 expression by resveratrol, GATA2-Runx1 binding 
was significantly lower in GATA2 deficiency patients com-
pared to healthy controls (Figure 7C), including the unaf-
fected family member (I1) (Online Supplementary Figure 
S13A and B).  

 
 

Discussion 

Our study shows that i) GATA2 deficiency is associated 
with defective expression of eNOS by platelets and 
endothelial cells with impaired NO production, that ii) 
reduced eNOS expression in turn causes an altered angio-
genic activity of endothelial cells, and that iii) treatment of 
endothelial cells from GATA2-deficient patients with the 
eNOS mRNA inducer atorvastatin restores eNOS expres-
sion, NO production and angiogenesis. 

NO is a mediator released by platelets and endothelial 
cells which plays an important antithrombotic role by pre-
venting almost all aspects of platelet activation, by display-
ing anti atherosclerotic effects, by reducing leukocyte adhe-
sion and activation and by regulating vascular tone.17-19,36 An 
impaired effectiveness of NO or its rapid inactivation due to 
gene variants affecting guanylylcyclase or glutathione per-
oxidase have been shown to be responsible of an increased 
tendency to ischemic stroke and myocardial infarction37,38 

and acquired endothelial dysfunction and NO deficiency 
are associated with enhanced risk of cardiovascular disease 
and venous thromboembolism.20,21,36,39 We therefore hypoth-
esize that the high incidence of thrombotic events among 
patients with GATA2 deficiency, so far largely 
unexplained,2 may depend to a great extent on the inability 
of their platelets and endothelial cells to produce NO. 
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Figure 6 Atorvastatin restores eNOS expression and endothelial tube formation via AP1/c-Jun signaling. (A) Restored capillary tube formation in blood outgrowth 
endothelial cells (BOEC) from healthy controls (CTRL), the unaffected family member (I1) and the GATA2-deficient family members on matrigel-coated wells in com-
parison with healthy controls BOEC, after treatment with atorvastatin (50 μM) for 24 hours. Angiogenesis was quantified with ImageJ (AngioTool64) software by meas-
uring total tube length, tube number and branching points. Values are means ± standard error of the mean (SEM) of 6 repeated measures (*P<0.001 vs. controls, 
#P<0.001 vs. Vehicle, two-way ANOVA followed by Tukey’s multiple comparison test). Specimens were analyzed at room temperature by a Carl Zeiss Axio Observer.A1 
microscope (Carl Zeiss Inc, Oberkochen, Germany) using a 2.5X Plan-Apochromat objective and images acquired using the AxioVision software (Carl Zeiss Inc). (B) 
Real time polymerase chain reaction (PCR) of c-Jun/AP-1 mRNA of BOEC from healthy controls, the unaffected family member (I1) and the GATA2-deficient family 
members after preincubation with atorvastatin (50 μM) or resveratrol (40 μM) for 24 h. The expression of c-Jun/AP-1 mRNA is reported as fold change versus healthy 
control BOEC and normalized to a housekeeping mRNA (GAPDH). Values are means ± SEM of 4 repeated measurements (*P<0.001 vs. vehicle and resv, two-way 
ANOVA followed by Tukey’s multiple comparison test). (C) Western blotting of c-Jun/AP-1 protein in BOEC from healthy controls and the GATA2-deficient family mem-
bers after incubation with resveratrol (40 μM) for 24 h. β-actin was used as loading control. Optical densitometric analysis was performed using ImageJ software and 
results are expressed in arbitrary units. Values represent mean ± SEM of 6 repeated measures (two-way ANOVA followed by Tukey’s multiple comparison test). Results 
from the unaffected family member (I1) are shown in the Online Supplementary Figure S11. (D) Western blotting of c-Jun/AP-1 protein in BOEC from healthy controls 
and the GATA2-deficient family members after incubation with atorvastatin (50 μM) for 24 h. β-actin was used as loading control. Optical densitometric analysis was 
performed using ImageJ software and results are expressed in arbitrary units. Values represent mean ± SEM of 6 repeated measures (*P<0.001 vs. vehicles, two-
way ANOVA followed by Tukey’s multiple comparison test). Results from the unaffected family member (I1) are shown in the Online Supplementary Figure S11. (E) 
Chromatin immunoprecipitation (ChiP) quantitative PCR (qPCR) using primers amplifying the endothelial nitric oxide synthase gene (eNOS) promoter regions that are 
recognized by AP-1. The figure shows the real time PCR of AP-1-bound chromatin of BOEC from healthy controls, the unaffected family member (I1) and the GATA2-
deficient family members in resting conditions and after treatment with the eNOS inducers atorvastatin and resveratrol. Values represent mean ± SEM of 6 repeated 
measures (*P 0.001 vs. resveratrol; two-way ANOVA followed by Dunnett’s multiple comparison test). Data are shown as fold change over immunoglobulin g (IgG). 
(F) ChiP qPCR using primers amplifying the eNOS promoter regions that are recognized by GATA-2. The figure shows the real time PCR of GATA2-bound chromatin of 
BOEC from healthy controls, the unaffected family member (I1) and the GATA2-deficient family members in resting conditions and after treatment with the eNOS 
inducers atorvastatin and resveratrol. Values represent mean ± SEM of 6 repeated measures (*P<0.001 vs. GATA2-mutated patients, #P<0.001 vs. Atorva; two-way 
ANOVA followed by Dunnett’s multiple comparison test). Data are shown as fold change over IgG.
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Figure 7. Resveratrol restores eNOS expression and endothelial tube formation via Runx1 signal-
ing and its interaction with GATA2. (A) Western blotting of RUNX1 protein in blood outgrowth 
endothelial cells (BOEC) from healthy controls and from GATA2-mutated patients after incubation 
with atorvastatin (50 μM) for 24 hours (h). β-actin was used as loading control. Optical densito-
metric analysis was performed using ImageJ software and results are expressed in arbitrary units. 
Values represent mean ± standard error of the mean (SEM) of 6 repeated measures (two-way 
ANOVA followed by Tukey’s multiple comparison test). Results from the unaffected family member 
(I1) are shown in the Online Supplementary Figure S13A. (B) Western blotting of RUNX1 protein in 
BOEC from healthy controls and from GATA2-mutated patients after stimulus with resveratrol (40 
μM) for 24h. β-actin was used as loading control. Optical densitometric analysis was performed 
using ImageJ software and results are expressed in arbitrary units. Values represent mean ± SEM 
of 6 repeated measures (*P<0.001 vs. vehicle; two-way ANOVA followed by Tukey’s multiple com-
parison test). Results from the unaffected family member (I1) are shown in the Online 
Supplementary Figure 13A. (C) Co-immunoprecipitation (Co-IP) of RUNX1-GATA2 complex in BOEC 
from healthy controls and from GATA2-mutated patients after incubation with resveratrol (40 μM) 
for 24 h. GATA2 protein was immunoprecipitated and western blotting was evaluated on RUNX1 
protein. RUNX1 total lysate was used as INPUT for quantification. Optical densitometric analysis 
was performed using ImageJ software and results are expressed in arbitrary units. In patients with 
GATA2 deficiency the ratio Co-IP/lysates is reduced due to the increased Runx1 expression in 
lysates in response to resveratrol. Values represent mean ± SEM of 6 repeated measures 
(*P<0.001 vs. vehicle, #P<0.001 vs. controls, two-way ANOVA followed by Tukey’s multiple compar-
ison test). Results from the unaffected family member (I1) are shown in the Online Supplementary 
Figure S13B. eNOS: endothelial nitric oxide synthase gene.

Figure 8. Mechanism of action of atorvastatin and resveratrol on eNOS expression and neoangiogenesis in patients with GATA2 deficiency. In R398W variant-carrying 
blood outgrowth endothelial cells (BOEC) the binding of GATA2 to DNA is reduced. Treatment with atorvastatin upregulates c-Jun/AP-1 which, when GATA2 is inactive, 
restores endothelial nitric oxide synthase gene (eNOS) mRNA and protein expression and thus nitric oxide (NO) production and neoangiogenesis. Resveratrol acts 
increasing RUNX1 expression and its binding to GATA2, therefore in GATA2 deficiency BOEC impaired eNOS transcription factor activity is not overcome.
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The role of GATA2 as a promoter of the eNOS gene in 
bovine aortic endothelial cells and in airway epithelial cells 
was previously reported,15,16 but so far no studies had ana-
lyzed the impact that GATA2 variants which are associated 
with hematopoietic impairment have on its transcription 
factor activity for eNOS and on eNOS expression and its 
function in human endothelial cells. Here we show that the 
R398W GATA2 variant, a germline mutation frequently 
found in patients with the GATA2 deficiency syndrome,40 

impairs GATA2 binding to the eNOS gene in patient-
derived endothelial cells reducing the transcription of eNOS 
mRNA and consequently decreasing NO production. 
Concordantly, the silencing of GATA2 mRNA in BOEC 
from healthy controls, using a combination of siRNA tar-
geting different sequences of the transcript, generated a NO 
production defect identical to that of GATA2-deficient 
patients.  

The role of GATA2 in vascular development was also pre-
viously reported using human endothelial cells,14 but no 
studies had explored angiogenesis in GATA2-deficient 
patients. Here we show that BOEC from patients with 
GATA2 deficiency display a striking impairment of 
endothelial tube formation and that this impairment is 
strictly dependent on NO insufficiency, in fact the supple-
mentation of both GATA2-deficient BOEC and GATA2-
silenced control BOEC with exogenous NO restored a nor-
mal angiogenetic profile, while the treatment of control 
BOEC with the eNOS antagonist L-NIO generated an 
angiogenesis defect identical to that of GATA2-deficient 
BOEC. Several of the hematological and non-hematological 
manifestations of GATA2 deficiency have been associated 
with alterations in angiogenesis, like leukemia, solid organ 
tumors, lymphedema, venous thrombosis and stroke8,41,42 
and GATA2-dependent pro- or anti-angiogenic microRNA 
regulation has been shown to have an important impact on 
endothelial biology and potentially on vascular disease.14 

Therefore, our observation that defective eNOS provokes 
impaired angiogenesis in GATA2-deficient BOEC might be 
of relevance not only for the thrombotic but also for other 
clinical manifestations of the GATA2 deficiency syndrome. 

Given the striking impairment of NO production by 
GATA2-deficient BOEC, we explored whether some 
known inducers of eNOS expression or activity might 
restore NO production.19,31,43,44 We show that treatment with 
the hydroxymethylglutaryl-CoenzymeA inhibitor atorvas-
tatin, a known enhancer of eNOS mRNA expression, but 
not with the natural polyphenol resveratrol, an agent pre-
venting oxidation-triggered eNOS uncoupling, largely 
restored eNOS expression and NO biosynthesis in GATA2-
deficient BOEC. Interestingly, atorvastatin almost com-
pletely restored also the angiogenic activity of BOEC from 
GATA2-deficient patients. 

eNOS is an enzyme with a complex regulatory pattern, 
both at the transcriptional and post-transcriptional level, 
and sterol-regulatory cis-elements are present in the 5’ reg-
ulatory region of its gene suggesting that intracellular cho-
lesterol levels are modulators of its expression.45,46 The cho-
lesterol-lowering agent atorvastatin increases the expres-
sion of eNOS mRNA and protein by mechanisms not com-
pletely understood involving the blockade of Rho geranyl-
geranylation and the regulation of endoglin expression, and 
also enhances post-translationally eNOS activity by favor-
ing its phosphorylation.19,47,50 It is thus likely that, despite the 
failure of the transcriptional function of GATA2, atorvas-
tatin may restore eNOS mRNA transcription in BOEC from 

patients with GATA2 deficiency by stimulating the activity 
of other transcription factors involved in the regulation of 
eNOS expression.47 Conversely resveratrol, a polyphenol 
with antioxidant effects and multiple beneficial activities on 
vascular function,43 enhanced eNOS expression in control 
BOEC but did not restore it in GATA2-deficient BOEC. 
Resveratrol upregulates eNOS expression acting through 
transcriptional and posttranscriptional (stabilization of 
mRNA) mechanisms.33 The discrepancy between the 
effects of atorvastatin and resveratrol in GATA2 deficiency 
BOEC may be due to their effect at different positions of 
the promoter sequence. Atorvastatin increases eNOS 
mRNA by enhancing the activity of transcription factors 
that bind the eNOS promoter in the 5’ region,32 including 
the transcription factor c-Jun/AP-115 which was in fact sig-
nificantly increased by this drug in both healthy control and 
GATA2-mutated BOEC. Differently, resveratrol enhances 
the activity of transcription factors that bind the eNOS pro-
moter in the proximal 263 bp region33 that involves the 
GATA2 binding site (254-279 bp).16 Interestingly, we found 
that resveratrol enhances eNOS expression in normal 
endothelial cells by increasing RUNX1. RUNX1 displays its 
transcription factor activity function by interacting with 
GATA251,52 and in the absence of RUNX1, GATA2 may res-
cue its transcriptional activity supporting hematopoiesis, 
which explains why the knockout of GATA2 reduces sur-
vival of RUNX1-/- zebrafish.53 The dependency of RUNX1 
transcription factor activity on GATA2 to display its func-
tion explains why a ZNF2 GATA2 mutation, reducing 
GATA2 binding to DNA, prevents eNOS upregulation 
despite increased RUNX1 expression by resveratrol (Figure 
8).  

Statins significantly reduce the risk of ischemic cardio- 
and cerebro-vascular events and of venous thromboem-
bolism, in part due to their ability to restore NO produc-
tion,54,56 with little side effects and no hemorrhagic risk. 
Based on our results, the preventive effect of atorvastatin on 
thrombotic events in patients with GATA2 deficiency, and 
possibly its beneficial effects on other clinical manifesta-
tions of the syndrome related to deranged angiogenesis, 
should be explored in an ad hoc designed clinical trial. It 
should be considered that our results were obtained from 
studies of a single family with a specific in variant of the 
GATA2 gene and, thus, given the variant heterogeneity on 
GATA2 deficiencies, they might not be relevant for all cases 
of GATA2 deficiency. 

Our study reports the first observation, to our knowl-
edge, of a germline gene variant-induced alteration of eNOS 
expression in humans and unravels the cause of altered 
angiogenesis in GATA2-deficient patients, suggesting that 
this may represent an important thrombogenic mechanism 
in these patients. We also identified a therapeutic option, 
through atorvastatin, able to restore eNOS expression and 
angiogenesis in GATA2 deficiency which deserves to be 
tested in vivo. 
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