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Mono-allelic germline disruptions of the transcription factor GATA2 result in a propensity for developing myelodysplastic 
syndrome (MDS) and acute myeloid leukemia (AML), affecting more than 85% of carriers. How a partial loss of GATA2 
functionality enables leukemic transformation years later is unclear. This question has remained unsolved mainly due to 
the lack of informative models, as Gata2 heterozygote mice do not develop hematologic malignancies. Here we show that 
two different germline Gata2 mutations (TgErg/Gata2het and TgErg/Gata2L359V) accelerate AML in mice expressing the 
human hematopoietic stem cell regulator ERG. Analysis of Erg/Gata2het fetal liver and bone marrow-derived 
hematopoietic cells revealed a distinct pre-leukemic phenotype. This was characterized by enhanced transition from 
stem to progenitor state, increased proliferation, and a striking mitochondrial phenotype, consisting of highly expressed 
oxidative-phosphorylation-related gene sets, elevated oxygen consumption rates, and notably, markedly distorted 
mitochondrial morphology. Importantly, the same mitochondrial gene-expression signature was observed in human AML 
harboring GATA2 aberrations. Similar to the observations in mice, non-leukemic bone marrows from children with 
germline GATA2 mutation demonstrated marked mitochondrial abnormalities. Thus, we observed the tumor suppressive 
effects of GATA2 in two germline Gata2 genetic mouse models. As oncogenic mutations often accumulate with age, GATA2 
deficiency-mediated priming of hematopoietic cells for oncogenic transformation may explain the earlier occurrence of 
MDS/AML in patients with GATA2 germline mutation. The mitochondrial phenotype is a potential therapeutic opportunity 
for the prevention of leukemic transformation in these patients.  

Abstract 

Cellular and metabolic characteristics of pre-leukemic 
hematopoietic progenitors with GATA2 haploinsufficiency

Introduction 
The hematopoietic transcriptional machinery is a network 
of highly tuned feedback circuits. Dysfunction of a pivotal 
regulator might, therefore, hinder its entire performance. 
GATA2 is a cardinal hematopoietic transcription factor 
critical for initiation of fetal hematopoiesis and for main-

taining the hematopoietic stem cell pool throughout life 
by restricting stem cell differentiation.1-3 
Abnormal regulation of GATA2 expression and somatic 
mutations in GATA2 have been associated with both 
tumor promotion and tumor inhibition.4,5 Yet germline 
heterozygous mutations in GATA2, most of which are 
loss-of-function, are uniformly associated with increased 
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 risk of myeloid malignancies.6,7 GATA2 germline haploin-
sufficiency syndrome is a multisystem disorder with a 
highly variable clinical presentation.8,9 The most common 
and most serious consequence of the disorder is the pro-
pensity to develop myelodysplastic syndrome (MDS) or 
acute myeloid leukemia (AML), which affect more than 
80% of diagnosed carriers before the age of 40.8,10,11 More 
than 150 unique mutations have been associated with 
GATA2 haploinsufficiency,8,11,12 including missense-substi-
tutions, nonsense-truncations, and small indels. Addi-
tional secondary oncogenic changes often contribute to 
leukemic transformation. Hence, the optimal timing for 
bone marrow (BM) transplantation, currently the sole 
therapeutic strategy for GATA2 deficiency, is unclear. 
There is, therefore, an unmet need to decipher cellular 
events that precede malignancy in carriers of germline 
GATA2 mutations.  
One of the problems is the scarsity of pre-clinical models. 
While total ablation of murine Gata2 confers embryonic 
lethality,2,13 heterozygous mice display only a mild pheno-
type and do not develop MDS or leukemia.13,14 As hemato-
poietic malignancies in patients with germline GATA2 
abnormalities are characterized by additional somatic on-
cogenic mutations, it is reasonable to hypothesize that 
the tumor suppressive effect of Gata2 deficiency will be 
revealed in mice expressing a hematopoietic oncogene. 
Interestingly, germline Gata2 haploinsufficiency delayed 
the occurrence of leukemia in mice carrying CbfbMYH11 
fusion,15 while it accelerated leukemogenesis in mice ex-
pressing Evi116 or loss of C/Ebp alpha,17 respectively. These 
later studies focused on a detailed analysis of the mouse 
leukemias but not on the pre-leukemic phenotype.     
Here we report a detailed analysis of the impact of Gata2 
deficiency on hematopoietic stem and progenitor cells 
(HSPC) at the pre-leukemic phase. We examined the hy-
pothesis that the implication of dysfunctional Gata2 in 
mice would be maximized on expression of a stem cell 
oncogene. ERG, a hematopoietic Ets transcription factor 
that is an up-stream regulator of GATA2,18 is a potent 
regulator of normal and leukemic stem cells.19,20 ERG has 
recently been shown to be the main driver of AML 
caused by haploinsufficiency of GATA2 with increased ex-
pression of EVI-1.21 In line with this, we traced the tra-
jectories of HSPC with heterozygous germline Gata2 
deficiency from gestation to leukemia in ERG transgenic 
mice. We show that the loss of Gata2 caused early ex-
pansion of proliferative hematopoietic progenitor cells 
that had already been detected at the fetal liver stage, 
long before overt leukemic transformation. We also ob-
served that haploinsufficiency of Gata2 induced a mito-
chondrial phenotype in these pre-leukemic cells. 
Significantly, this was confirmed in children with germ-
line GATA2 haploinsufficiency and in human AML with 
GATA2 mutations.   

Methods 
Mice handling 
Double transgenic mice were generated by crossing 
TgERG18 mice (from two different TgERG F1 mice) with 
Gata2het mice (provided by Stuart Orkin) or with 
Gata2+/L359V knockin mice (provided by Sai-Juan Chen). 
(See detailed description of the mouse model in the On-
line Supplementary Methods.) The studies were approved 
by the institutional animal care and use committee 
(1149/18/ANIM).  

Immunophenotyping 
Bone marrow cells were washed in 2% FBS in PBS and re-
suspended in 100 mL staining media (STM) containing flu-
orochrome conjugated antibodies for 30 minutes. 
Following staining, cells were washed, re-suspended to a 
final volume of 100 mL STM, and analyzed with a Gallios 3 
laser/10 color flow cytometer (Beckman Coulter, Brea, CA, 
USA). Leukemia panels are detailed in the Online Supple-
mentary Methods.  

Histopathology 
Femurs and spleens were fixed in 4% neutral buffered for-
malin, paraffin-embedded, and stained with hematoxylin 
and eosin using standard protocols.     

Methylcellulose re-plating assays 
E14.5 fetal liver (FL) cells were harvested and forced 
through a 70 mm cell strainer into 2% fetal calf serum in 
PBS at 4°C. Lineage negative cell enrichment was per-
formed using MACS magnetic columns (MACS Miltenyi 
Biotec, Bergisch Gladbach, Germany). 2x104 cells were 
plated in methylcellulose supplemented with IL6, IL3, 
and SCF (MethoCult GF M3534, Stem Cell Technologies, 
Vancouver, Canada) in duplicates. After seven days, col-
onies (>50 cells) were counted and re-suspended, and 
cells were counted and re-plated in the same manner 
until colonies no longer formed. Three independent ex-
periments were performed, each with 2-3 FL from each 
genotype.    

10x RNA sequencing 
A BM-derived single-cell suspension was prepared from 
each mouse femur, diluted to a concentration of aproxi-
mately 1,000 cells/mL, and loaded into the 10x chromium 
microfluidic system, aiming for 5,000 single cells/sample. 
An RNA-seq library was prepared for each sample accord-
ing to the manufacturer’s protocol. Final libraries were se-
quenced using the Nextseq 75 cycles high output kit 
(Illumina) for a coverage of 50,000 reads/cell. Single cell 
RNA-seq data analysis is detailed in the Online Supple-
mentary Methods. Raw data are available on the Gene Ex-
pression Omnibus (GEO) (accession n. GSE143308).   
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Transmission electron microscopy 
Cells were sliced, fixed and mounted on carbon-coated 
Formvar grids. (Details of the protocol are available in the 
Online Supplementary Methods.) Samples were then 
stained with uranyl acetate and lead citrate, and examined 
under a Jeol 1400 Plus transmission electron microscope 
(Jeol, Tokyo, Japan). Images were captured using SIS 
Megaview III and the iTEM imaging platform (Olympus, 
Tokyo, Japan). All mice and human measurements, and 
calculations in electron microscopy captures were per-
formed using the Fiji open source platform for biological 
image analysis. Analysis of patients' BM was approved by 
the institutional review board committee of Rabin Medical 
Center (approval n. 0840-18-RMC).   

Oxygen consumption analysis 
Oxygen consumption rates (OCR) were measured using the 
Seahorse XF96 analyzer (Agilent Technologies, Santa Clara, 
CA, USA). Cells were treated and cultured with XF assay 
medium in a Seahorse XF96 cell culture plate (30 mL) be-
fore being transferred to the Seahorse XF96 analyzer, as 
detailed in the Online Supplementary Methods. 

RNAseq 
Total RNA was extracted and purified using the TRIzolTM 
Plus RNA purification kit (Invitrogen, Carlsbad, CA, USA). 
Library preparation, sequencing data and expression 
analysis are all detailed in the Online Supplementary 
Methods.  

Results 
Gata2 heterozygosity accelerates leukemia in transgenic 
ERG mice 
We crossed mice transgenic to human ERG (TgERG; pre-
viously shown to develop AML18,20) with Gata2het mice. 
There was a significant reduction in time to leukemia and 
time to survival (log rank Mantel-Cox test, P<0.0001) in 
TgERG/Gata2het compound mice, compared with TgERG lit-
termates with a Gata2WT background (Figure 1A). To exam-
ine the reproducibility of the model, we then crossed a 
Gata2+/L359V knockin mice (provided by Sai-Juan Chen) 
with TgERG mice. GATA2 L359V had previously been ident-
ified in chronic myeloid leukemia.22 As with 
TgERG/Gata2het, TgERG/Gata2+/L359V had an accelerated 
leukemia and a shorter survival time (Online Supplemen-
tary Figure S1A and B).   
Examination of histopathological sections revealed 
marked BM infiltration and enlargement of spleens with 
loss of normal architecture in both TgERG/Gata2het and 
TgERG/Gata2wt leukemic mice (Online Supplementary Fig-
ure S1C). Leukemic cells resided within the CD45dim gate, 
and was made up of lineage negative; CD150high; cKitlow-pos; 

Sca1neg cells consistent with mega-erythroid progenitors 
(MEP) (Figure 1B and C).23 Similar findings were docu-
mented within the Gata2+/L359V progeny (Online Supple-
mentary Figure S1D). Taken together, the accelerated 
leukemogenesis on the loss of a Gata2 allele confirms its 
role as a tumor suppressor.    

Transition of hematopoietic stem cell to proliferating 
progenitor cell in TgERG/Gata2het pre-leukemic cells    
Having established the earlier leukemia development in 
TgERG mice on the background of Gata2 mutation, we 
were interested in deciphering the pre-leukemic pheno-
type. We further analyzed differentiation markers on 
TgERG/Gata2het and TgERG/Gata2wt HSPC, isolated from 4-
6-week non-leukemic BM. We used two panels to distin-
guish between stem cells and early progenitor cells: the 
first included CD150 and CD48 (Slam molecules), and the 
second included cKit (CD117) and Sca1.24 Flow cytometry 
analysis revealed a significantly higher CD48pos /CD48neg  

ratio within the CD150+ population of TgERG/Gata2het cells 
(Figure 2A and B). CD48 is an early marker of non-quiesc-
ence25 suggesting increased non-stem progenitors in 
TgERG/Gata2het mice. There was a lower fraction of Lin-

Sca1+cKit+ cells in the TgERG/Gata2het HSPC compartment 
consistent with a greater transition from stem to progen-
itor cells (Figure 2A and C).    
We then checked whether associated morphological fea-
tures can be detected to distinguish TgERG/Gata2het from 
TgERG/Gata2wt HSPC. BM of four pre-leukemic siblings and 
two leukemic mice were harvested. Hematopoietic lineage 
negative (lin-) progenitor cells were selected using mag-
netic beads and subjected to transmission electron micro-
scopy (TEM). A significant decrease in nuclear to 
cytoplasmic ratio (NCR) was found in TgERG/Gata2het cells 
compared with TgERG/Gata2wt (P<0.0001) (Figure 2D). De-
creasing NCR during hematopoiesis typically accompanies 
the gradual transition of pluripotency to lineage commit-
ment and differentiation,26 and is, therefore, consistent with 
the dominance of progenitor cells of the TgERG/Gata2het 
HSPC compartment.   
Early progenitor cells have a greater proliferative capacity 
than quiescent hematopoietic stem cells.26 Therefore, we 
next examined the proliferative potential of TgERG/Gata2het 
pre-leukemic HSPC. A clear advantage in colony formation 
capacity in re-plating methylcellulose assays was ob-
served in TgERG/Gata2het fetal liver HSPC compared with 
their counterparts (one-way ANOVA, P<0.05) (Figure 3A). 
We then studied pre-leukemic HSPC derived from BM of 
age-matched 4-7-week-old mice. Cell trace proliferation 
assay demonstrated a significantly higher proliferation 
index of TgERG/Gata2het HSPC compared to TgERG/Gata2wt 
(Figure 3B).  
To further identify pre-leukemic HSPC sub-populations in 
TgERG/Gata2het, we conducted 10x single cell RNA se-
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Figure 1. Accelerated leukemia and reduced survival in Gata2-haploinsufficient TgERG mice. (A) Survival curve showing reduced 
survival (log rank Mantel-Cox test, ****P<0.0001) in TgERG/Gata2het (blue: n=43) mice compared to TgERG/Gata2wt (herein TgERG, 
red: n=59) littermates. (B) Flow cytometry plot depicting immune phenotyping of Lin (-) leukemia cells. (Top) Cell scatter. 
(Bottom) Lin (-) hematopoietic stem  and progenitor cells residing in a CD45dim gate, expressing CD150high and cKitlow/+. Leukemic 
population is circled. (C) Dot plots of CD45dim, CD150, and cKit showing no differences in proportions of expressed membranal 
markers between the two leukemias (lines represent mean values; P<0.05, Student t test). BM: bone marrow; ns: not significant.  
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quencing analysis on stem and progenitor cells derived 
from BM of 4-week-old mice littermates representing the 
entire genotypic repertoire (WT, Gata2het, TgERG/Gata2wt, 
TgERG/Gata2het). TgERG/Gata2het cells harbored a discrete 
expression pattern, clustering distinctively apart from 
TgERG/Gata2wt cells, and from the remaining two control 
groups (Figure 3C, left). Consistent with the role of ERG 
and GATA2 in megakaryocytic and erythroid development,3 
a functional annotation map, corresponding to expressed 
key lineage markers, showed that Early erythroid and Mid 
erythroid were the main lineage modules to contribute to 
the distinctive TgERG/Gata2het expression profile (Figure  
3C, right, and Online Supplementary Figure S2A). K-means 
clustering within groups yielded a cluster of differentially 
expressed genes, up-regulated in the TgERG/Gata2het 
sample (Online Supplementary Figure S2B). This gene set 
corresponded to cell proliferation and cell division GO 
terms. For example, TgERG/Gata2het cells within the ery-
throid cluster displayed higher expression of Ki67 prolif-
eration marker as well as the mitotic genes Cenpe and 
Cenpf (Figure 3D and Online Supplementary Figure S2C). 
Taken together, immunophenotypic, functional and single 
cell genomic analysis demonstrate that loss of the 
WTGata2 allele gave TgERG pre-leukemic cells an en-
hanced proliferative and self-renewing hematopoietic pro-
genitor phenotype.    

A mitochondrial phenotype in Gata2 mutated mouse and 
human hematopoietic cells    
To identify potential mechanistic leads that could link 
GATA2 loss to the HSPC developmental and proliferative 
phenotypes, we conducted bulk RNA sequencing experi-
ments in pre-leukemic and leukemic cells. Gene set en-
richment analysis (GSEA)27 showed enrichment of oxidative 
phosphorylation and mitochondrial metabolism in 
TgERG/Gata2het. This signature was consistently found in 
fetal liver, in pre-leukemia BM, as well as in leukemic cells 
(Figure 4A and Online Supplementary Figure S3). Impor-
tantly, oxidative phosphorylation is also a leading gene set 
expression signature in TgERG/Gata2+/L359V leukemic cells 
(Online Supplementary Figure S4A) and in a Gata2+/L359V 
mouse model.28 To clarify whether the metabolic signature 
observed in TgERG/Gata2het mice is relevant in humans, we 
subsequently analyzed expression profiles of AML patients 

who harbor chromosome 3q26 inversion Inv(3q26)/t(3;3), 
causing activation of the EVI1 oncogene.29,30 Intriguingly, oxi-
dative phosphorylation was among the highest ranked 
pathways to be enriched in Evi1/GATA2MUT patients (Figure 
4B). Moreover, top ranked gene sets in a ERG/Gata2het 
mouse model and Evi1/GATA2MUT (GSEA, Hallmark cluster) 
shared common modules, including MYC, and mTOR signal-
ing (Online Supplementary Figure S4B). The common ex-
pression signatures seen in our mouse models and the 
human leukemias suggest that these models are of a gen-
eral significance to oncogenic driven AML on the back-
ground of GATA2 insufficiency status.    
To test the functional significance of the mitochondrial 
gene expression signature, we conducted a metabolic 
analysis. HSPC from BM of three pairs of pre-leukemic 
TgERG/Gata2het and TgERG/Gata2wt mouse siblings were 
analyzed (Seahorse XF96 analyzer). Basal oxygen con-
sumption rate (OCR) was significantly higher in 
TgERG/Gata2het HSPC (Figure 4C and Online Supplementary 
Figure S5), and a trend toward higher adenosine triphos-
phate (ATP) productivity was also found (Online Supple-
mentary Figure S5). Interestingly, proton leak was 
significantly higher in TgERG/Gata2het cells (Online Supple-
mentary Figure S5). The proton leak represents ATP-dis-
sociated influx of H+ ions into the mitochondria and can 
reflect mitochondrial damage.31  
To estimate cellular mitochondrial content, we calculated 
mtDNA to nuclear DNA (nDNA) copy number ratio using ND1 
and r16s as mitochondrial genes and HK2 as a nuclear gene 
(Figure 4D, left). Both ND1/HK2 and r16s/HK2 ratios were 
significantly higher in TgERG/Gata2het cells (Figure  4D, 
middle and right). Together these findings suggest 
TgERG/Gata2het HSPC harbor both enhanced oxidative me-
tabolism and mitochondrial abundancy in line with their 
RNA expression signature.    

Disrupted mitochondria in TgERG/Gata2het hematopoietic 
progenitors   
We investigated whether TgERG/Gata2het cells undergo mi-
tochondrial morphological alteration. Lin- HSPC of 4-week-
old pre-leukemic, and two leukemic, age- and 
sex-matched TgERG/Gata2wt and TgERG/Gata2het mice were 
analyzed by TEM. Cell captures revealed prominent mor-
phological alterations in TgERG/Gata2het mitochondria 

Figure 2. Progenitor expansion within TgERG/Gata2het pre-leukemic hematopoietic stem and progenitor cell compartment. (A) 
Different stages of progenitors by CD150 and CD48 (slam1, slam2, respectively) combined expression and classical LSK 
differentiation. Lin- cells were immunophenotyped for progenitor compartments according to SLAM (B) and classical LSK (C) 
markers. (B) (Left) Representative flow cytometry graphs demonstrating CD48 and CD150 gating approach. (Right) Dot graph 
summarizing six experiments (n=6; Student t test, *P<0.05). (C) (Left) Representative cytometry plots of two experiments. (Right) 
Dot graph depicting comparison of LSK proportions (n=7; Student t test, *P<0.05). (D) Transmission electron microscopy images 
were used to calculate nuclear to cytoplasmic (Nuc/cyto) ratio of leukemic and pre-leukemic cells. (Left) Demarcation of cytoplasm 
(light blue) and nuclei (dark blue). Cells were derived from two pre-leukemic mice, and one leukemic mouse for either TgERG (left 
grid) or TgERG/Gata2het (right grid). 1:12,000 magnification scale, calibrated by Fiji tool (1 mm=124 pixel). (Right) A decreased nuclear 
to cytoplasmic ratio was found in TgERG/Gata2het cells (Student t test, ****P<0.0001).  HPC: hematopoietic progenitor cells; HS: 
hematopoietic stem cells; MPP: multipotential progenitors; BM: bone marrow; ERG: TgERG/Gata2wt; EG2: TgERG/Gata2het.
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showing swelling, circular contour, and co-localization in 
clusters. Conversely, TgERG/Gata2wt mitochondria were 
small, thread-shaped, and spread evenly within the cyto-
plasm (Figure 5A). In addition, the ratio of cumulative mi-
tochondrial area to the cytoplasm of a cell was significantly 
higher in TgERG/Gata2het (P<0.0001) (Figure 5B), indicating a 
higher mitochondrial content (Figure 5B), consistent with 
the genomic quantification (Figure 4D).   
Ultra-structural characterization of the mitochondrial mor-
phology revealed ill-defined disrupted cristae in 
TgERG/Gata2het. Some mitochondria were enclosed in a 
double membraned vacuole, suggesting mitophagy. Con-
versely, TgERG/Gata2wt mitochondria were elongated and 
convoluted, with clear electron-dense crista (Figure 5C, 
left). Analysis of individual mitochondrion features docu-
mented a larger mean area of an individual TgERG/Gata2het 
mitochondrion. (Student t test, P<0.0001) (Figure 5C, 
middle). In addition, the aspect ratio (obtained by dividing 
the mitochondrial longest axis by the shortest axis), ranging 
from elongated to round, was significantly lower in 
TgERG/Gata2het mitochondria (Student t test, P<0.0001) 
(Figure 5C, right). This feature can be related to differences 
in mitochondrial dynamics, such as fission preference over 
fusion, associated with cell division32 or to increased degra-
dation due to mitochondrial damage. The unique mitochon-
drial morphology detected in TgERG/Gata2het HSPC is 
consistent with the metabolic phenotype. Interestingly, 
TEM analysis of cells from GATA2 heterozygous mice did 
not show the same aberrant mitochondrial morphological 
phenotype as that seen in the TgERG/Gata2het mouse cells 
(Online Supplementary Figure S7), although gene expression 
analysis of progenitor cells from GATA2het demonstrated an 
upregulation in oxidative phosphorylation gene expression 
(Online Supplementary Figure S8), in agreement with the 
minimal hematologic phenotype observed in GATA2het mice.  

Abnormal mitochondria in hematopoietic progenitors 
from bone marrow of children with germline 
GATA2+/R396W mutation  
To test whether humans with germline mutated GATA2 

present mitochondrial aberrancy, we examined CD34+ BM 
cells derived from two siblings of one family harboring the 
GATA2+/R396W mutation (Figure 6A). A 13-year-old male was 
diagnosed with a germline GATA2 R396W mutation after 
presenting with aplastic anemia. A genetic analysis of the 
family revealed the mutation to be transmitted from the 
asymptomatic father to three of his children: the proband 
13-year-old symptomatic son, a 15-year-old asymptomatic 
daughter, and a 7-year-old asymptomatic son. A fourth 
male sibling (11 years old) did not inherit the mutation 
(Figure 6B).   
Complete blood count of the proband patient at presen-
tation demonstrated pancytopenia with severe neutrope-
nia (200 cells/mL), monocytopenia (10 cells/mL), and 
thrombocytopenia (24*103/mL). Both asymptomatic carrier 
siblings displayed normal blood counts with normal cel-
lular indexes. Cytogenetic and somatic gene panel se-
quencing analysis7 was normal for both proband and 
carriers. BM biopsy of the proband revealed remarkable 
hypocellularity (20% of normal) with myelodysplastic 
changes. Importantly, although her blood count was nor-
mal, the sister’s BM demonstrated minimal myelodys-
plastic changes. No BM examinations were performed for 
the youngest male carrier or the father.    
More than 25 CD34+ BM cells from the patient and the 
carrier sister were captured using TEM (FEI Tecnai SPIRIT, 
FEI, Eidhoven, The Netherlands), analyzed, and compared 
with CD34+ BM cells of a healthy donor. There was a clear 
difference in general cell morphology: normal control 
CD34+ cells had a homogenous cytoplasm, and well-de-
fined, electron dense mitochondria, while the mitochon-
dria of GATA2+/R396W cells of both sister and the patient had 
an abnormal appearance with fragmentation, polymor-
phism, and disrupted cristae (Figure 6C and D). While 
quantitative analysis of the mitochondrial morphometrics 
of the patient's CD34+ cells was difficult to establish due 
to pronounced cellular disruption and vacuolization, we 
found the sister’s cells to have a significantly decreased 
mitochondrial aspect ratio, as in the TgERG/Gata2het mice, 
but average size of the mitochondria was also reduced, 

Figure 3. Proliferative phenotype in TgERG/Gata2het pre-leukemia progenitor cells. (A) Enhanced proliferation and re-plating 
capacity of TgERG/Gata2het fetal liver hematopoietic stem  and progenitor cells (HSPC). (Top) Replanting scheme. (Bottom) Bar 
graph of 3 independent re-plating assays of E14.5 fetal livers (n=6-8 / genotypic group; oneway ANOVA and unpaired Student t 
test:  *P<0.05, **P<0.01, ***P<0.0001). (B) TgERG/Gata2het bone marrow HSPC have a higher proliferation index in CFSE assay. 
(Left) Representative histograms of two CFSE dilutional courses. TgERG/Gata2wt and TgERG/Gata2het at 0, 72, and 96 hours (hr) 
from staining. (Right) Six independent experiments (paired Student t test, *P<0.05). (C) Two-dimensional projection plot of 
Metacell model on 10x single cell analysis of pre-leukemic lineage negative progenitors showing (top) TgERG/Gata2het cells 
clustered distinctively (green zone) from TgERG/Gata2wt (red zone), and from Gata2het (light blue), and WT (purple). Light blue line 
delineates the area were TgERG/Gata2wt and TgERG/Gata2het clustered differentially. (Bottom) Functional annotation plot of 
Metacells by expression of key lineage markers, depicting Early erythroid (pink) and Mid erythroid (red) modules, are dominantly 
expressed in both TgERG/Gata2het and TgERG/Gata2wt expression profiles shown by projecting the genotype expression map (top) 
over the lineage expression map (bottom). Differences in expression between TgERG/Gata2wt and TgERG/Gata2het mostly occur 
in Early and Mid erythroid. An additional line provides an approximate separation of Early from Mid erythroid program zones. (D) 
Ki67, Cenpf and Cenpe (mitosis-related genes) expression projections on metacell plot are illustrated together with the global 
expression scheme of TgERG/Gata2het (upper left). The genes are highly expressed in TgERG/Gata2het territory. Dark blue: high 
expression; yellow-white: low expression; ERG: TgERG: TgERG/Gata2wt; ERG_GATA2:TgERG/Gata2het; GATA2: Gata2het.
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reflecting the ongoing fragmentation (Figure 6E). Com-
pared with normal BM, GATA2+/R396W cells of both the pa-
tient and the sister showed a decrease in nuclear 
cytoplasmic ratio (P<0.0001) (Online Supplementary Figure 
S9), similar to that observed in TgERG/Gata2het mouse pro-
genitors. Therefore, disrupted mitochondria and reduced 
NCR characterize human GATA2 deficiency HSPC, as ob-
served in the TgERG/Gata2het mouse.   

Discussion 
 Disruptive germline mutations in GATA2 represent a sig-
nificant risk of developing MDS/AML. Current research has 
described a variety of effects of GATA2 loss on increasing 
the virulence of myeloid and erythroid leukemias.12,15-17 Here 
we investigated the effect of GATA2 haploinsufficiency on 
the pre-leukemic phenotype. The tumor suppressive func-
tion of GATA2 was uncovered by accelerated ERG-driven 
leukemias in mice with germline Gata2 mutations. We 
identified enhanced transition of pre-leukemic HSC into 
proliferating early progenitors. These pre-leukemic pro-
genitors had increased mitochondrial oxidative phos-
phorylation and increased mitochondrial content with 
prominent mitochondrial structural aberrations. Strikingly, 
abnormal mitochondria were detected also in pre-leu-
kemic BM of patients with germline GATA2 mutation, in-
cluding an asymptomatic carrier.    
Several attempts have been made to unravel the tumor 
suppressive effect of GATA2 in mouse models by crossing 
Gata2 mutated mice with mice expressing oncogenic leu-
kemic mutations. Some of these models displayed either 
complex phenotype or no malignant transformation,33 
while others accelerated the acute leukemic occurrence16 
or altered the leukemic phenotype.17 For example, Liu at 
al.15 reported enhanced leukemic stem cell phenotype in 
leukemias arising in a Cbfb-MYH11 knockin/Gata2 het-
erozygous mouse; however, paradoxically, latency time to 
leukemia was longer. Thus, oncogenes themselves may 
enable the tumor suppressive effect of GATA2.  
Here we exploited TgERG mice to uncover the GATA2 
tumor suppressive effect in the pre-leukemic phenotype. 
ERG is a hematopoietic transcription factor regulating 
stemness in both normal and leukemic stem cells.34-39 In-
deed, ERG co-regulate HSPC together with GATA2 as part 

of a heptad of transcription factors.39 ERG, GATA2 and 
TAL1, three of the Heptad’s factors, act in a loop to regu-
late erythropoiesis.3 Strikingly, ERG has recently been 
shown to be the main driver of leukemias characterized 
by haploinsufficiency of GATA2 and EVI-1 overexpression.21 

These EVI-1 AML are highly similar to our mouse model. 
Interestingly, ERG and GATA2 also co-operate in other 
types of cancers, particularly prostate cancer.40 Thus, our 
mouse model is highly relevant, as ERG is a likely onco-
gene-mediating leukemia progression of GATA2 germline 
haploinsuffiency.  
The main observation in our study is the presence of 
marked mitochondrial abnormalities associated with in-
creased expression of oxidative phosphorylation genes 
and elevated oxygen consumption rates in pre-leukemic 
Gata2 deficient cells. Interestingly, enhanced expression 
of genes mediating oxidative phosphorylation were also 
reported by Yamamoto et al.16 in murine AML driven by 
EVi-1 and Gata2 deficiency. Similar to ERG, Evi-1 is also a 
hematopoietic stem cell transcription factor and an up-
stream activator of GATA2.41 Here we show that this mi-
tochondrial gene expression signature exists also in 
human EVI-1 leukemias with somatic GATA2 mutations. 
Similarly, activation of oxidative phosphorylation was 
demonstrated in progression of myeloproliferative neo-
plasms following loss of LK1/STK11.42 However, here we 
demonstrate, for the first time in both the mouse model 
and in children carrying a GATA2 mutation, that the mito-
chondrial aberrations occur very early, long before pro-
gression to frank MDS or leukemia.  
 These findings may be of general relevance to AML/MDS, 
as prior reports suggested mitochondrial dysfunction and 
impaired elimination of defective mitochondria (e.g., mi-
tophagy) in MDS/AML.43 An increased number of mito-
chondria-containing autophagosomes and enlarged 
abnormal mitochondria were also shown in early erythro-
blasts of MDS patients.44,45 The described mitochondria 
phenotype of structural double membrane vacuoles in 
conjugation with abnormal mitochondrial structure (Figure 
5) in GATA2het (Figure 6) and TgERG/Gata2het may suggest 
mitophagy involvement in both the pre-leukemia state 
generated by GATA2het and in the leukemia. MDS patients 
were reported to have mitophagy involvement in progres-
sion to leukemia. Houwerzijl et al. showed that erythroid 
precursors from high-risk MDS patients have lower mi-

Figure 4. Enhanced oxidative phosphorylation in GATA2 mutated leukemias. (A) Gene Set Enrichment Analysis (GSEA) plots 
depicting oxidative phosphorylation pathway enrichment in TgERG/Gata2het RNAseq expression profiles compared with 
TgERG/Gata2wt. (B) GSEA plot showing oxidative phosphorylation signature is enriched in human Inv(3)/GATA2-mutated acute 
myeloid leukemia cell expression profiles. (C) Basal oxygen consumption rate (OCR) is significantly higher in TgERG/Gata2het 
hematopoietic stem and progenitor pre-leukemia cells (HSPC); SeaHorse XF assay. One of 3 independent experiments. 
Arrows show time of intervention. min: minutes. Student t test, *P<0.05. (D) (Left) Mouse mitochondrial DNA with ND1 and 
r16s genes marked. (Right) qPCR quantitation of mitochondrial to nuclear DNA ratio calculated using ND1 and r16s. 
TgERG/Gata2het HSPC harbor a higher ratio of mitochondrial/nuclear DNA copy number. N=3-4. HK2: nuclear reference gene. 
Student t test, *P<0.05. ERG: TgERG: TgERG/Gata2wt; ERG/GATA2het: TgERG/Gata2het.
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Figure 5. Mitochondrial structural aberrations in TgERG/Gata2het pre-leukemic hematopoietic progenitors. (A) TgERG/Gata2het 
hematopoietic lineage negative progenitors exhibit mitochondrial disruptions, as shown in transmission electron microscopy which 
captures imaging both in pre-leukemia and leukemia cells. (Left) TgERG/Gata2wt hematopoietic stem and progenitor cell (HSPC) 
mitochondria are spread within cytoplasm. (Right) TgERG/Gata2het mitochondria are swollen, rounded, and tend to group in clusters. 
(Top) Unprocessed capture. (Bottom) ImageJ processed view. Light-blue: mitochondria; beige: nuclei. Scale 1:12,000. (B) Total 
mitochondrial surface per cell is increased in TgERG/Gata2het hematopoietic progenitors. Representative illustration by ImageJ (left), 
and dot bar graph (right). N=25-31 cells per genotype; unpaired Student t test, ****P<0.0001. (C) (Left) Mitochondria ultra structures 
of TgERG/Gata2wt progenitors (TgERG) are elongated, torturous, and display electron dense, clearly defined cristae (vertical frame). 
TgERG/Gata2het progenitors display spherical, swollen mitochondria and distorted, blurred cristae (horizontal frame). Scale 1: 20,000 ; 
1:50,000, respectively; yellow quadrangles show magnified view of mitochondrial structure. (Center) Dot plot showing mean surface 
area of an individual mitochondrion is higher in TgERG/Gata2het progenitors. Unpaired Student t test, ****P<0.0001. (Right) Dot plot 
showing mitochondrial aspect ratio, representing longest to shortest axis ratio, is lower in TgERG/Gata2het . Unpaired Student t test, 
P<0.0001. Note the spherical contour rather than a thread shape. (Calculated by Fiji NIH program.50); TgERG: TgERG/Gata2wt.
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tophagy levels compared with low-risk MDS patients. In 
addition, an MDS mouse model that was generated by 
deletion of the autophagy protein Atg7, (Vav-Atg7−/−) re-
sulted in a decreased LSK CD150+CD48− HSC compartment 
(which is the population that we describe) and upregula-
tion of the myeloid leukemia marker CD47.46  
Analysis of pre-leukemic cells by single cell RNA sequenc-
ing revealed that erythroid committed progenitors are the 
main population that contribute to the differences in ex-
pression patterns between TgERG/Gata2wt and 
TgERG/Gata2het. Our observation is similar to recently pub-
lished findings by Nerlov et al.17 There, the authors show 
that Gata2 mutation synergized with CEBPa double mu-
tation to generate a permissive erythroid chromatin state 
that promotes leukemogenesis of bilineage acute ery-
throid /myeloid leukemia. The expansion of highly prolif-
erating erythroid precursors in the TgERG/Gata2het mice 
was also associated with monocytopenia (Online Supple-
mentary Figure S6), which is often observed in human car-
riers of germline GATA2 mutations.47  
The transition to highly proliferating hematopoietic pro-
genitors was also confirmed by immunophenotyping, in 
vitro self-renewal proliferation assays, TEM analysis of 
nuclear to cytoplasmic ratio, and single cell gene ex-
pression analysis. Interestingly, our observation of ex-
panded progenitor compartment (cKit+ lin- and sca1-) 
and reduced fraction of KLS cells in BM of 
TgERG/Gata2het pre-leukemic mice, is also supported by 
Nerlov et al.; in their study, GATA2 loss led to expanded 
progenitors but not an expanded KLS compartment.17 
Our observations are reinforced by developmental 
studies of Gata2 heterozygous mice that provide quali-
tative and quantitative evidence that diminished hema-
topoietic stem cells are accompanied by expansion of 
hematopoietic progenitors.1,13 Thus, GATA2 haploinsuffi-
ciency may create a premature aging phenotype of HSPC 
characterized by increased transition to progenitors 
coupled with increased susceptibility to oncogenic 
transformation. 
The transition from quiescence to proliferative pre-leu-
kemic progenitors may also partially explain the mito-
chondrial phenotype in TgERG/Gata2het. This transition 

generates a steep increase in energetic demands, and 
hence, oxidative phosphorylation preference over gly-
colysis, mitochondrial fission/ fragmentation, and a flux 
of reactive oxygen species.48 The loss of GATA2 as a 
stem cell gate keeper may result in the transition from 
quiescence into a proliferative state associated with in-
creased mitochondrial mass and activity. If unrestricted 
cycling is ongoing, the cellular scavenging machinery 
may fail to sufficiently neutralize genotoxic molecules. 
Abnormal mitochondrial dynamics may have a genuine 
effect on GATA2-deficiency leukemogenic evolvement, a 
vulnerability that could be exploited therapeutically to 
prevent and treat these leukemias. While several drugs 
have been suggested to lower leukemia mitochondrial 
activity (reviewed by Egan et al.49), replacing BM trans-
plantation by chronic drug therapy suppressing the pre-
leukemic phenotype is a major challenge and represents 
one of the leading “unmet needs” in the management of 
cancer predisposition syndrome. The question remains 
as to whether a pharmacological approach can alter its 
course.  
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