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Abstract 
 
Germline GATA2 mutations predispose to myeloid malignancies resulting from the progressive acquisition of additional 
somatic mutations. Here we describe clinical and biological features of 78 GATA2-deficient patients. Hematopoietic stem 
and progenitor cell phenotypic characterization revealed an exhaustion of myeloid progenitors. Somatic mutations in 
STAG2, ASXL1 and SETBP1 genes along with cytogenetic abnormalities (monosomy 7, trisomy 8, der(1;7)) occurred frequently 
in patients with GATA2 germline mutations. Patients were classified into three hematopoietic spectra based on bone mar-
row cytomorphology. No somatic additional mutations were detected in patients with normal bone marrow (spectrum 0), 
whereas clonal hematopoiesis mediated by STAG2 mutations was frequent in those with a hypocellular and/or myelodys-
plastic bone marrow without excess blasts (spectrum 1). Finally, SETBP1, RAS pathway and RUNX1 mutations were pre-
dominantly associated with leukemic transformation stage (spectrum 2), highlighting their implications in the 
transformation process. Specific somatic alterations, potentially providing distinct selective advantages to affected cells, 
are therefore associated with the clinical/hematological evolution of GATA2 syndrome. Our study not only suggests that 
somatic genetic profiling will help clinicians in their management of patients, but will also clarify the mechanism of leuke-
mogenesis in the context of germline GATA2 mutations. 
 

Introduction 
During the last 15 years, with the development of next-gen-
eration sequencing (NGS), familial predisposition has 

emerged as an important issue in hematology, with the 
identification of recurrent mutated genes leading to mye-
lodysplastic syndromes (MDS) or acute myeloid leukemia 
(AML). These germline mutations frequently encode master 
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regulatory transcription factors such as RUNX1,1 CEBPA2 or 
GATA2.3-7 Myeloid neoplasms with germline predisposition 
became a separate entity of the World Health Organization 
(WHO) hematopoietic neoplasm classification in 2016.8 
Germline heterozygous mutations of GATA2 account for het-
erogeneous clinical and hematological manifestations en-
compassing immunodeficiency (monocyte, B-cell, dendritic 
cell and natural killer [NK]-cell deficiencies) responsible for 
recurrent atypical mycobacterial, fungal, bacterial and viral 
infections,9 vascular disorders such as lymphedema (Em-
berger syndrome)4,6 or defects of alveolar macrophages 
leading to pulmonary alveolar proteinosis (PAP).10 Eighty per-
cent of GATA2-deficient patients develop hematological dis-
orders before the age of 40.11 Most patients display 
hypocellular bone marrows with or without myelodysplastic 
related changes.12,13 
In hematological germline predisposition syndromes, addi-
tional somatic alterations could promote leukemic trans-
formation,14-17 but few studies detailed the molecular 
landscape at different stages in patients with germline 
GATA2 mutations. Thanks to a series of 78 patients with a 
long-term follow-up, we now specify a correlation between 
the GATA2 genotype and the clinical phenotype. Fur-
thermore, bone marrow cytological examination of each 
patient led to a stratification of hematological spectra, 
which correlates with somatic alterations. 

Methods 
Primary samples and diagnostic procedures 
Sixty-two patients with heterozygous germline GATA2 mu-
tations included in the GATA2 French-Belgium registry were 
enrolled in this survey, from 2011 to 2022. All participants 
gave written informed consent to participate in the study. 
This registry was labeled by the French health authorities 
in 2008 with a clinical database approved by the French 
national data protection agency (CNIL certificate 97.0). Six-
teen patients were enrolled in the study from the UK with 
material obtained with informed consent from the New-
castle Biobank (Newcastle and North Tyneside 1 research 
Ethics Committee Reference 17/NE/0361.75). Thirty patients 
were previously reported.11,18-20 Data from 500 sporadic adult 
AML samples (2018-2022) were extracted from the AML da-
tabase of Toulouse University Hospital registered at the 
Commission Nationale de l’Informatique et des Libertés 
(CNIL, #1778920), and sequenced with the same panel, 
coverage and sensibility of the technique. 
Demographics, biological parameters and infectious status 
were recorded. Age at first symptom was defined as the 
age at the first pathological manifestation including 
cytopenia, MDS, chronic myelomonocytic leukemia (CMML) 
or AML, any infection (including recurrent bacterial infec-
tions, mycobacterial, fungal, human papillomavirus [HPV] 

and Eppstein Barr virus [EBV] infections), PAP, lymphedema 
and deafness. Peripheral blood counts were reported at the 
time of bone marrow evaluation. Bone marrow smears and 
karyotypes were evaluated by each center (n=76). Spec-
trum 0 was defined as a bone marrow with normal density 
without myelodysplastic related changes or normal blood 
counts, spectrum 1 as a hypocellular bone marrow and/or 
low-grade MDS (without excess blasts, <5%) and spectrum 
2 includes patients with MDS with excess blasts (≥5%) or 
AML or CMML. 

GATA2 germline analysis 
GATA2 germline analyses were performed by Sanger or tar-
geted NGS of exons 2 to 6 and the regulatory region in in-
tron 4 using as reference sequence NM_032631.4. Large 
genomic deletions were investigated by quantitative 
polymerase chain reaction (PCR) and/or multiplex ligation-
dependent probe amplification (MLPA) (MRC-Holland, 
SALSA MLPA Probemix P437 Familial MDS-AML). GATA2 
germline mutation status was confirmed by analysis of 
non-hematopoietic tissue (cultured skin fibroblasts, hair 
follicles or nails). Mutations were classified as probably null 
(nonsense, frameshift, essential-splicing site mutations or 
large deletion), missense, intronic or synonymous, accord-
ing to the potential consequence on protein function. 

Somatic variant analysis 
Mononuclear cells from bone marrow or blood samples 
were centrally collected from 76 patients and isolated by 
Ficoll centrifugation. Genomic DNA was extracted using 
standard procedures and sequenced using an Illumina 
NextSeq500 sequencer and Sureselect capture in-house 
panel (Agilent, Santa Clara, CA, USA) targeted on the com-
plete coding regions (i.e., all exons were covered) and -5 to 
+5 splicing sites of 91 genes recurrently mutated in myeloid 
neoplasms (Online Supplementary Table S1). Deep se-
quencing was estimated with an average coverage of 
4,859X, and specifically 3,379X for STAG2 exons (sensitivity 
1%). Raw NGS data were analyzed using MuTect2, Haplo-
typeCaller (both from the GATK suite developed by the 
Broad Institute) and SureCall (Agilent) algorithms for variant 
calling aggregated in the in-house remote pipeline (Institut 
Universitaire de Toulouse-Oncopôle) for data visualization, 
elimination of sequencing/mapping errors and retention of 
variants with high quality metrics. Variant interpretation 
was performed considering minor allele frequencies (MAF) 
in the public GnomAD database of polymorphisms (variants 
with MAF >0.02 in overall population/global ancestry or 
sub-continental ancestry are excluded), variant allele fre-
quencies (VAF), prevalence and clinical interpretation (COS-
MIC, protein impact). All variants were checked manually 
on IGV and compared with other samples to check for 
possible sequencing artifacts, then named according to the 
Human Genome Variation Society, and compared with se-
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quencing results generated by each local center. Cancer 
cell fractions (CCF) were calculated from VAF taking into 
account the chromosomal location of the genes and ka-
ryotype. All data are available on ENA_PRJEB55350. 

Hematopoietic stem and progenitor cell phenotyping 
Hemotopoietic stem and progenitor cell (HSPC) phenotyp-
ing was performed on fresh bone marrow samples using 
an antibody combination targeting CD34, CD38, CD133, 
CD135, CD45 and CD45RA (Online Supplementary Table S1) 
and analyzed on Navios instruments (Beckman-Coulter, 
Miami, FL) and compared to patients without hematologi-
cal diseases (n=22) or aplasia (n=8) or AML (n=155). HSPC 
subpopulations were classified as multipotent progenitors 
(MPP), erythroid/myeloid progenitors (EMP), lymphoid/ye-
loid primed progenitors (LMPP), common myeloid progen-
itors (CMP), megakaryocyte erythroid progenitors (MEP), 
granulocyte macrophage progenitors (GMP) as described in 
the Online Supplementary Table S1. 

Statistics 
Data were summarized by frequency and percentage for 
categorical variables and median and range for continuous 
variables. Associations between variables were evaluated 
using Chi-square or Fisher’s exact test for qualitative vari-
ables and Kruskall-Wallis test for continuous variables. All 
survival times were calculated from the biological sampling 
date and survival are described using the graphical repre-
sentation of Kaplan-Meier with death from any cause for 
overall survival (OS) as event. Patients who survived were 
censored at their last follow-up or for transplanted pa-
tients at their allograft day. Univariable analyses were per-
formed using log-rank test. Tests were two-sided and P 
values <0.05 were considered significant. Statistical ana-
lyses were conducted using Stata, version 16. Statistical 
significance of differences between CBC counts, age or CCF 
data was determined using multiple unpaired t-test (Graph-
Pad Prism 7.0) and P values ****P<0.001, ***P<0.005, 
**P<0.01, *P<0.05 were considered significant. 

Results 
GATA2-mutated patients display heterogeneous clinical 
disorders, depending of their genotype  
We investigated a series of 78 patients with heterozygous 
germline mutations of GATA2 (62 from the French-Belgian 
series and 16 British patients) from 61 kindreds bearing 46 
distinct GATA2 germline mutations (Figure 1A, B; Online 
Supplementary Table S2). The mutations were either mis-
sense, located on or close to the second C-terminal zinc 
finger (44 patients; 56%) or predicted to be a null allele (32 
patients; 41%) due to nonsense (11), frameshift (18) or splice 
defect mutations (1) or large deletions (2). In addition, one 

patient has an enhancer mutation in intron 4 and one a 
synonymous mutation (Thr117Thr) as described recently21 
(Figure 1A, B). 
Age at the time of analysis ranged from 0 to 62 years with 
a median age of 21 years, a male/female ratio of 1.2 (Figure 
1C). Seventy-three of 78 patients were symptomatic. The 
first symptoms occurred at a median age of 16 years, rang-
ing from 7 months to 61 years. First symptoms were pre-
dominantly infections (27; 38%), hematological malignancies 
(17; 24%), cytopenias (11; 15%) or congenital abnormalities 
such as deafness or lymphedema (9; 13%). Eight patients 
combined infections with cytopenia (3; 4%), hematological 
malignancies (4; 6%) or lymphedema (1; 1%). There was a 
trend for first clinical symptoms occurring at a younger age 
in patients harboring null mutations, with a median age of 
detection of 13 years, compared to 17 years for patients 
with missense mutations (P=0.077). Chronic infectious 
complications reported before bone marrow transplanta-
tion (i.e., bacterial pneumonia, otitis, cellulitis, enteritis, ar-
thritis) were more frequent in patients with null mutations 
(23 vs. 11; P<0.001). In contrast, hematological disorders 
were more frequent at the time of diagnosis in patients 
with missense mutations (17 vs. 4; P=0.005). Frequency of 
other infections (mycobacterial, EBV), PAP or lymphedema 
were similar regardless of the mutation type (Table 1). 
Half of the patients (41; 53%) underwent bone marrow 
transplantation as curative treatment with no difference 
regarding the type of GATA2 mutations (missense vs. null; 
P=0.46). OS censored at allograft is 89% and 81% with a 
follow up of 1 and 2 years, respectively (Online Supplemen-
tary Figure S1). A total of 61 patients are still alive (78%). 

GATA2-deficient patients acquire somatic mutations in a 
different pattern than those with sporadic acute myeloid 
leukemia 
Disease progression in sporadic MDS/AML is associated 
with karyotypic abnormalities and somatic genetic muta-
tions.22 We compared GATA2-deficient patients to a series 
of 500 AML without germline GATA2 mutation (sporadic 
adult AML, 467 molecular samples sequenced with the 
same panel, coverage and threshold and 431 karyotypes). 
Karyotype was normal in 38 GATA2-deficient patients (50%) 
and 237 sporadic AML (55%; P=0.68). When compared to 
sporadic AML, GATA2-deficient patients more frequently 
have monosomy 7 (29% vs. 8%; P<0.0001), and der(1;7) (9% 
vs. 1%; P<0.0001), while rate of trisomy 8 was not different 
in the two groups (16% vs. 10%; P=0.48). Few other cyto-
genetic abnormalities were detected in GATA2-deficient 
patients (12% vs. 28% in sporadic AML; P=0.03) (Online Sup-
plementary Figure S2A). Karyotypic abnormalities were 
more frequent in men (27 men vs. 11 women; P=0.006) es-
pecially chromosome 7 abnormalities (20 vs. 6; P=0.006) 
and trisomy 8 (10 vs. 2; P=0.033) despite a male/female 
ratio in the whole cohort of 1.2. 
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Molecular analysis was performed in 76 patients with 
germline GATA2 mutations at a median age of 21 years 
(range, 0-62). One hundred and forty-one somatic muta-
tions were identified with an average of two mutations per 
patient (range, 1-13; Figure 2A, B; Online Supplementary 
Table S4). Fifty patients (66%) had at least one mutated 
gene with no significant difference between missense and 
null GATA2 mutations (P=0.13; Online Supplementary Table 
S1). The most frequently mutated genes were STAG2 (53 
mutations in 25 patients, 33% vs. 4% in sporadic AML; 
P<0.0001), ASXL1 (18 mutations in 17 patients, 22% vs. 8%; 
P=0.0015), SETBP1 (11 patients, 15% vs. 1%; P<0.0001), EZH2 
(6 patients, 8% vs. 3%; P=0.31), the RAS pathway (11 muta-
tions combining PTPN11, NRAS, KRAS and CBL in 5 patients, 
7% vs. 26%; P=0.031) and RUNX1 (5 patients, 7% vs. 11%; 
P=0.75) (Online Supplementary Figure S2A). Notably, so-
matic GATA2 mutations were identified in four patients in-
cluding two missense mutations located in the first zinc 
finger domain and two in-frame mutations in the second 
zinc finger domain (Online Supplementary Table S3). The 
male/female ratio was not different across mutational 
identities. 

In contrast, frequent mutations in sporadic AML were com-
pletely or almost absent in patients with germline GATA2 
mutations. DNMT3A (3% vs. 28%; P<0.0001) and TET2 (3% 
vs. 17%; P=0.015) mutations were found in only two GATA2-
deficient patients each. No mutations of NPM1 (37% in 
sporadic AML; P<0.0001), FLT3 (37% in sporadic AML; 
P<0.0001), IDH2 (10% in sporadic AML; P=0.03), IDH1 (9% in 
sporadic AML; P=0.06) or SRSF2 (6% in sporadic AML; 
P=0.16) were detected in GATA2-deficient patients. 
The mutation profile was mainly C>T transitions (33%). A 
higher rate of deletions (23% vs. 8%; P<0.0001) and a lower 
rate of insertions (18% vs. 31%; P=0.012) compared to spor-
adic AML were a consequence of the absence of FLT3 and 
NPM1 mutations23, 24 (Online Supplementary Figure S2B). 

GATA2-deficient patients have an exhaustion of common 
myeloid and granulocyte macrophage progenitor 
hematopoietic stem cells 
In order to further depict GATA2 syndrome at a cellular 
level, we analyzed the HSPC compartment of patients with 
germline GATA2 mutations (n=11 including 5 in spectrum 0 
and 6 in spectrum 1). The majority had an EMP bias (63% 

Figure 1. Characterization of germline GATA2 mutations. (A) Distribution of coding germline GATA2 mutations across GATA2 protein. 
Predicted protein domains are indicated inside each bar (dark: link zinc finger domain, grey: enlarged zinc finger domain); each 
dot represents 1 single patient. Each color indicates a type of mutations (frameshift: purple; nonsense: magenta; missense: teal; 
synonymous: orange). (B) Proportion of germline GATA2 mutation types. (C) Distribution of patients (males, females) according 
to their age in years at the time of analysis. 

A

B C
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vs. 13% in normal bone marrows; P<0.0001; Figure 3A, B; 
Online Supplementary Figure S3) with a loss of heteroge-
neity in contrast to normal bone marrow where MPP was 
the major population in the HSC compartment (79%; Figure 
3A, B). Specifically, at the progenitor level, the MEP sub-
population was overrepresented compared to normal bone 
marrow and AML patients (66% vs. 27% and 10%, respect-
ively; P<0.0001; Figure 3A, B; Online Supplementary Figure 
S3) characterizing a GATA2-specific profile. This pattern is 
close to aplastic patients with a decrease in MPP and CMP 

proportions. However, GATA2-deficient patients harbor a 
higher proportion of MEP and a lower proportion of GMP 
than aplastic anaemia patients (Figure 3B; Online Supple-
mentary Figure S3). Moreover, it has been reported that the 
number of HSPC in GATA2-deficient patients is decreased 
in the same way as aplastic patients.25 Altogether, the dif-
ferentiation bias in GATA2-deficient patients appears to be 
related rather to an exhaustion of CMP and GMP popu-
lations than to a proliferation of MEP cells. We note that 
part of the MEP population in GATA2 condition strongly ex-

Table 1. Genotype/phenotype correlation.

Type of GATA2 mutation, N (%)
P value

Missense (N=44) Null (N=32)

Type of first event (N=70) 
Congenital 
Cytopenia 
Hematological 
Infectious 
Infectious + congenital 
Infectious + cytopenia 
Infectious +hematological 
Asymptomatic 
Missing data

 
3 (7.7) 

6 (15.4) 
14 (35.9) 
10 (25.6) 
0 (0.0) 
3 (7.7) 
3 (7.7) 

5 
0

 
6 (19.4) 
4 (12.9) 
3 (9.7) 

16 (51.6) 
1 (3.2) 
0 (0.0) 
1 (3.2) 

0 
1

0.017 
 
 
 
 
 
 
 
 

Infection as first event (N=70) 
No 
Yes 
Missing data

 
23 (59.0) 
16 (41.0) 

5

 
13 (41.9) 
18 (58.1) 

1

0.157 
 
 

Hematological sign as first event (N=70) 
No 
Yes 
Missing data

 
22 (56.4) 
17 (43.6) 

5

 
27 (87.1) 
4 (12.9) 

1

0.005 
 
 

Age in years at first event (N=70) 
Median 
Range 
Missing data

 
17.0  

0.6-61.0 
4

 
13.0 

0.9-30.0 
2

0.077 
 
 

Chronic infection during follow-up (N=76) 
No 
Yes

 
33 (75.0) 
11 (25.0)

 
9 (28.1) 

23 (71.9)

<0.001 
 

HPV (warts + cancers) (N=76) 
No 
Yes

 
28 (63.6) 
16 (36.4)

 
19 (59.4) 
13 (40.6)

0.706 
 

Chronic EBV (N=76) 
No 
Yes

 
41 (93.2) 
3 (6.8)

 
30 (93.8) 
2 (6.3)

1.00

Mycobacteria (N=76) 
No 
Yes

 
39 (88.6) 
5 (11.4)

 
27 (84.4) 
5 (15.6)

0.734 
 

Pulmonary alveolar proteinosis (N=76) 
No 
Yes

 
41 (93.2) 
3 (6.8)

 
29 (90.6) 
3 (9.4)

0.692

Lymphoedema (N=76) 
No 
Yes

 
39 (88.6) 
5 (11.4)

 
25 (78.1) 
7 (21.9)

0.215 
 

Hematological type: acute myeloid leukemia, myelodysplatic syndromes (spectrum 1 and 2); univariable analyses were performed using log-
rank test. Tests were two-sided and P values <0.05 were considered significant. HPV: human papillomavirus; EBV: Epstein Barr virus. 
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press the CD133 marker which is usually little or not ex-
pressed on MEP surface26 (Figure 3A; Online Supplementary 
Figure S3). This observation may suggest that germline 

GATA2 mutations also lead to a phenotypic expression bias 
in the remaining majority population. 

Figure 2. GATA2 deficiency syndrome defines a distinct entity regarding molecular profiles. (A) Molecular and cytogenetic ab-
normalities in the cohort of 78 GATA2-mutated patients. (B) Somatic mutation occurrence. Summary of patients with GATA2 defi-
ciency (n=78) organized by spectra (spectrum 0: grey, spectrum 1: blue and spectrum 2: red), germline GATA2 mutation type 
(missense: teal, null: fuchsia, other including synonymous and intronic mutations: turquoise), survival and bone marrow trans-
plantation status and somatic mutation and cytogenetic status. Each vertical row represents 1 patient. Grey boxes indicate no 
data for that parameter. Cytogenetic abnormalities are grouped together in the same manner as the main molecular abnormalities 
(STAG2, ASXL1 and SETBP1). The number of abnormalities is indicated in each square. The other mutations are listed below in-
cluding genes encoding transcription factors, splicing factors, chromatin modifiers, cohesin members, signaling pathway genes. 

A

B
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Figure 3. Phenotypical characterization of hematopoietic stem and progenitor cells revealed loss of heterogeneity associated 
with common myeloid and granulocyte macrophage progenitors exhaustion. (A) Comparison of hematopoietic stem and pro-
genitor cell (HSPC) phenotypic profiles visualized by a non-linear dimensionality reduction technique (t-SNE) between GATA2 
deficiency patients (GATA2, blue, n=11) and control patients without hematological diseases (normal bone marrow [NBM] CD34+, 
grey, n=22) or acute myeloid leukemia (AML) (red, n=155) or aplasia (purple, n=6) patients without germline GATA2 mutations. 
Merged samples are localized at the left plots. The first plot line represents density of each condition, the second line the dis-
tribution of the different HSC and hematopoietic progenitor cells (HPC) subpopulations, the lines below show normalized mean 
fluorescent intensity (MFI) according the color scale of markers (CD38, CD45RA, CD135 and CD133). The black arrow on the CD133 
plot of GATA2 condition identifies of megakaryocyte erythroid progenitors (MEP)-expressing CD133 marker. (B) Proportion of HSPC 
populations in CD34+ CD38- compartment (erythroid/myeloid progenitors [EMP]: CD135- CD45RA-; multipotent progenitors [MPP]: 
CD135+ CD45RA-; lymphoid/myeloid primed progenitors [LMPP]: CD135+ CD45RA+) and CD34+ CD38+ compartment (MEP: CD135- 
CD45RA-; common myeloid progenitors [CMP]: CD135+ CD45RA-; granulocyte macrophage progenitors [GMP]: CD135+ CD45RA+) of 
GATA2-deficient patients (blue) compared with NBM CD34+ (grey), AML (red) and aplastic (purple) patients. Spectrum 0 (diamond), 
spectrum 1 (round); median and P values are calculated using non-parametric unpaired Mann-Whitney test ****P<0.001,***P<0.005 
**, P<0.01, *P<0.05.

Hypocellular bone marrow - low-grade myelodysplastic 
syndromes represents the main hematological spectrum 
in GATA2-deficient patients  
In order to further investigate the impact on hematopoiesis, 
we reviewed bone marrow smears of 76 patients and de-
fined three distinct morphological categories: normal bone 
marrow (spectrum 0), hypoplastic and/or low-grade MDS 
(spectrum 1) or overt transformation (spectrum 2) (Figure 
4A). The majority of GATA2-mutated patients had features 
of spectrum 1 (47; 62%), 19 had evidence of hematopoietic 
transformation (19; 25%) and only ten are in spectrum 0 
(13%) (Figure 4B). Despite a different bone marrow pattern, 
there was no difference on survival, probably because most 
patients received an HSC transplantation before progres-
sion. Age had no impact (Figure 4C; P=0.83) but patients in 
spectrum 2 are at high risk of progression to MDS or AML 
in the year after diagnosis of the first event (P=0.036). As 
expected, null alleles are associated with spectrum 1 in 
contrast to missense mutations enriched in spectrum 2 
(P=0.023; Figure 4D). Infections (mycobacterial, EBV), PAP 
or lymphoedema were not correlated with the spectra, 
with the exception of chronic HPV infections which were 
enriched in spectrum 1 (52 vs. 16; P=0.008). 
Regarding the parameters of the peripheral blood count, 
absolute lymphocyte count showed no significant differ-
ences between spectra while hemoglobin concentration, 
platelet, absolute neutrophil and monocyte counts de-
creased progressively with advanced spectra. Six patients 
with spectrum 2 have an increased monocyte count (Figure 
4E; Online Supplementary Table S5). 

Somatic molecular and karyotypic abnormalities drive 
hematopoietic evolution 
None of the patients at spectrum 0 have somatic muta-
tions, or karyotypic abnormalities (Figure 5A). Mutation 
numbers increase at spectrum 2 (median of 3 vs. 1 at spec-
trum 1; P=0.022; Figure 2B) with an enrichment in SETBP1, 
RAS pathway and RUNX1 mutations (47% vs. 6% at spec-
trum 1; P<0.001; 29% vs. 0%; P<0.001; 23% vs. 2%; P=0.015, 
respectively). Karyotypic abnormalities increased from 

spectrum 0 to spectrum 2 (0% at spectrum 0, 47% at spec-
trum 1 and 84% at spectrum 2) and with an enrichment of 
the other cytogenetic abnormalities (42% vs. 2%; P<0.001). 
Notably, monosomy 7 increased through spectra (none at 
spectrum 0, 28% at spectrum 1 and 47% at spectrum 2; 
P=0.12; Figure 5B). Leukemic transformation is associated 
with a high clone size at spectrum 2 as demonstrated by 
patients #62, #63 and #70 (Figure 5C; Online Supplemen-
tary Tables S2 and S4). In patients #62 and #63, karyotypic 
abnormalities were the first event, followed by SETBP1 and 
PTPN11 mutations respectively. Patient #70 had a major 
driver clone with monosomy 7 and several mutated genes, 
with acquisition of monosomy 21. In patient #22, clonal-
dynamics analysis showed a selective advantage of the 
major clone with monosomy 7 and SETBP1 mutation over 
STAG2-mutated clones detected at diagnosis (Figure 5D). 
These results suggest that the selective advantages of the 
clones were shaped by the acquisition of new abnormal-
ities in distinct genes. According to these results, SETBP1 
mutations may be critical for leukemic transformation in 
GATA2-deficient patients. Nine of 11 SETBP1-mutated pa-
tients also harbored a monosomy 7 (P<0.001), and their as-
sociation was significantly enriched at spectrum 2 (31% vs. 
6%; P=0.008). This co-occurrence was associated with a 
higher monocyte count (Figure 5E; P<0.001). Interestingly, 
SETBP1 mutations and monosomy 7 were the earliest on-
cogenic events to occur in patients (Figure 5F; median age 
9.3 years). Patients with RUNX1 mutations had the highest 
median age (46 years) while being also enriched in spec-
trum 2. Patients with ASXL1 or EZH2 mutations or trisomy 
8 were also older with a median age of 30 years, 26 and 27 
years, respectively, without significant differences accord-
ing to spectra. The only mutated gene significantly enriched 
in spectrum 1 was STAG2 (47% vs. 18%; P=0.035; Figure 5B) 
with a median age of 28 years (Figure 5F), and there was 
no difference across blood parameters, compared to pa-
tients in spectrum 1 without STAG2 mutation (Online Sup-
plementary Figure S3). Our results strongly suggest that 
somatic acquired mutations in mutated GATA2 patients 
have a different impact on the leukemogenesis process. 
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Somatic mutations of STAG2 do not drive leukemic 
transformation in contrast to SETBP1 mutations 
In order to further characterize the impact of somatic mu-
tations in hematopoietic transformation, cancer cell frac-
tion (CCF) was calculated for the most frequently mutated 
genes. STAG2 mutations exhibited a considerably lower 
CCF than those of ASXL1 and SETBP1 (median of 6% vs. 
24% and 78%, respectively; Figure 6A). Some patients in 
spectrum 1 harbored a single mutation with low CCF (pa-
tient #65 for ASXL1 or #73 for STAG2), while others ex-
hibited several mutations occurring in unique or probably 
multiple clones (Figure 6B, patients #13, #17, #5 and #43). 
Interestingly, despite a high proportion of mutated cells, 
patients #17 and #5 had no excess of blasts suggesting 

that not all abnormalities lead to spectrum 2. 
STAG2 mutations were identified in 25 patients (10 males 
and 15 females) with up to eight different STAG2 mutations 
in the same individual (mean 2.1). STAG2 mutations are 
loss of function, mainly due to the introduction of pre-
mature stop codons leading to a destabilization of the 
cohesin complex27,28 (Figure 6C). Low CCF (≤20%) for 
STAG2 mutations were rarely associated with other mol-
ecular abnormalities in spectrum 1 patients (Figure 6D). 
Among the STAG2-mutated patients, only three were clas-
sified at spectrum 2. STAG2 mutations in patients #39 and 
#46 had low CCF suggesting that other mutations drove 
the leukemic transformation. Patient #43 exhibited a 
higher STAG2 CCF but in a leukemic clone probably driven 

Figure 4. Classification in three hematological spectra based on cytological evaluation. (A) Representative pictures of normal 
density bone marrow defining spectrum 0 (left, objective 10x), hypocellular bone marrow (objective 10x) and an example of mye-
lodysplastic-related changes: multinuclear megakaryocyte (objective 63x) reported in patients in spectrum 1 (middle), blast cells 
defining overt transformation for spectrum 2 including myelodysplastic syndromes (MDS) with excess of blasts, acute myeloid 
leukemia (AML) and chronic myelomonocytic leukemia (CMML) (objective 63x, right). (B) Proportion of patients in each spectrum 
(0, 1 and 2), P=not significant. (C) Distribution of patient age in each spectrum. (D) Percentage of patients with missense or null 
mutations in each spectrum. (E) Blood count parameters (hemoglobin level, platelet, granulocyte, monocyte and lymphocytes 
counts) of 78 patients in each spectrum. All data points represent each patient values according to spectra with median (wide 
dots) ± quartiles (small dots). P values are calculated using unpaired t-tests ***P<0.001, **P<0.01, *P<0.05.
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by the primary SETBP1 mutation (Figure 6D). In order to 
gain insight in the potential of clonal growth linked to 
STAG2 mutations, we monitored longitudinal follow-up of 
two patients. After detection, STAG2-mutated clones 
could be little selected (patient #51) or with little CCF 
variations upon time (patient #48). Importantly, these two 
patients remained at spectrum 1 after several years (Fig-
ure 6E). Overall, our analysis demonstrate that STAG2 so-
matic mutations were recurrent in GATA2-deficient 
patients, indicating that they may provide a selective ad-
vantage to GATA2-deficient hematopoietic cells although 
insufficient for their transformation.  

Discussion 
While the majority of MDS and AML are sporadic, rare 
germline predisposition syndromes have been delineated.29 
Myeloid transformations in the context of germline alter-
ations have variable latency but usually occur in younger 
patients than sporadic malignancies, with the exception of 
germline DDX41 mutations.17 GATA2 deficiency syndrome, 
recognized as a major MDS/AML predisposition in the WHO 
classification, has a high although variable penetrance.11,30 
This series highlights that patients with missense muta-
tions may have a higher risk of transformation, and are thus 

Figure 5. Stratification of genetic abnormalities according hematological spectra. (A) Distribution of genomic alterations including 
molecular and cytogenetic abnormalities in each spectrum. (B) Proportion of patients in each spectrum according to their mu-
tational and cytogenetic abnormalities (blue: spectrum 1; red: spectrum 2). (C) Clonal hierarchy of 3 patients at spectrum 2, 
evaluated thanks to cancer cell fraction (CCF). (D) Clonal dynamics evaluated by molecular and cytogenetic follow-up of one pa-
tient with two STAG2 mutations at diagnosis (spectrum 1) which disappeared 1 year later (spectrum 2), concomitantly to the ap-
pearance of a clone with monosomy 7 and a SETBP1 mutation. CCF (%) was evaluated using variant allelic frequency for mutations 
and polymorphisms located on chromosome 7 for monosomy 7. (E) Monocyte count in patients with the association of SETBP1 
mutation and monosomy 7 (n=9) or the monosomy 7 only (n=11) or patients without SETBP1 mutations (n=45). (F) Median age in 
years of patients according their genetic profiles. Patients harboring the association monosomy 7 and SETBP1 mutation were 
compared to STAG2-mutated patients, patients with trisomy 8 and with ASXL1 mutation. All data points represent each patient 
values according to hematological spectra with median ± quartiles and P values are calculated using unpaired t-tests ***P<0.001, 
**P<0.01, *P<0.05.
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over-represented in the spectrum 2 group, as opposed to 
patients with null mutations. The latter seems to correlate 
with an earlier age of diagnosis and chronic infections. 
Most patients have hypocellular and/or myelodysplastic 
bone marrows, including four patients with no somatic mu-
tations, raising the interesting possibility that germline 
GATA2 mutations may intrinsically induce this condition. In 
line with this hypothesis, McReynolds and colleagues de-
scribed in 2019 a GATA2 deficiency-related bone marrow 
and immunodeficiency disorder (G2BMID),13 with bone mar-
row hypocellularity, atypical megakaryocytes and minimal 
dysmyelopoiesis and dyserythropoiesis. As dysplastic 
threshold in GATA2 deficiency remains hard to define, we 
chose to group hypoplastic bone marrow and low-grade 
MDS in the same spectrum. In the recent report by West 
and colleagues,31 13 GATA2-deficient patients were asymp-
tomatic with a normal bone marrow. Only three had so-
matic mutations including DNMT3A, that can be explained 
by the older median age of patients in link with age-related 
clonal hematopoiesis.32 
The molecular and cytogenetic profiles of GATA2-deficient 
patients differ from those of sporadic AML and adult MDS,33 

and get closer to pediatric MDS.16,34 Indeed, no or very few 
mutations of NPM1, FLT3 or epigenetic-related genes such 
as IDH1/2, TET2 or DNMT3A or splicing genes (SRSF2, SF3B1, 
U2AF1 and SRSF2) have been identified in GATA2-deficient 
patients at spectrum 1 or 2, suggesting differences in the 
mechanism of clonal selection.33 In GATA2-deficient pa-
tients, we confirm in our study that the most frequent 
cytogenetic abnormalities involved chromosome 7 and so-
matic mutations target STAG2, ASXL1 and SETBP1. This pro-
file more closely reflects pediatric hypocellular MDS also 
harbors monosomy 7 and SETBP1, ASXL1, RAS pathway and 
RUNX1 mutations.34,35 Sahoo et al. observed similar features 
in SAMD9/SAMD9L germline predisposition.16 However, 
GATA2-mutated patients harbored numerous STAG2 muta-
tions, which are also reported in Down syndrome involving 
another GATA factor36 and in MDS with a poor OS,33 but not 
specifically in pediatric MDS, suggesting a specific muta-
tional profile in GATA2-deficient patients.31,37 
The analysis of HPC compartment38 reveals a loss of het-
erogeneity with exhaustion of CMP and GMP populations 
suggesting that hematopoiesis is less efficient in GATA2-
deficient patients. Interestingly, some residual MEP showed 

Figure 6. Clonal hematopoiesis mediated by STAG2 mutations and clonal selection. (A) Comparison of cancer cell fraction (CCF) 
of the 3 main molecular abnormalities: SETBP1 (n=11), ASXL1 (n=17) and STAG2 (n=53) mutations. Blue and red dots correspond 
to spectra 1 and 2, respectively. (B) Representative examples of clonal hierarchy evaluated by CCF. (C) Proportion of the different 
STAG2 mutation types (n=53). (D) Percentage of STAG2 (purple) and the other (dark) mutation CCF from the 25 STAG2-mutated 
patients associated with the hematological spectrum (blue: spectrum 1; red: spectrum 2), sex (female: burgundy; male: green) 
and the cytogenetic profile (normal karyotype, monosomy 7, trisomy 8, der(1;7) and other cytogenetic abnormalities). The dotted 
line allows to visualize mutations with CCF less than or equal to 20%. (E) Clonal dynamic evaluated by longitudinal follow-up of 
2 patients mutated only for STAG2. 
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aberrant strong expression of CD133 marker suggesting 
that GATA2 deficiency also alters the remaining progen-
itor compartment. Functional and quantitative defects in 
the Gata2+/- mouse model also suggest that germline 
GATA2 mutations could impair HSC fitness.39 Recently, the 
loss of fitness in HSC has been described in some in-
herited bone marrow failures also associated with a 
higher risk of myeloid transformation by acquisition of 
genetic alterations.40 Recent studies have highlighted the 
ability of some abnormalities to drive a leukemic clone 
while others preferentially define a state of clonal hema-
topoiesis.16,41 We found that SETBP1, RAS pathway, and 
RUNX1 mutations were enriched in spectrum 2, data 
which could be confirmed in a larger cohort. Monosomy 
7 was present at spectrum 1 and 2, but the association 
with SETBP1 mutation was clearly enriched at spectrum 
2. This co-occurrence suggests that the monosomy 7 
clones can accumulate other genetic abnormalities and 
lead to leukemic transformation, corroborating recent 
findings in the context of other germline predisposition 
such as SAMD9 syndromes.16 Interestingly, patients with 
co-occurring monosomy 7 and SETBP1 mutations had a 
higher monocyte counts suggesting that it could improve 

monocytic differentiation in GATA2-deficient patients. 
As previously reported, STAG2 mutations are recurrent in 
GATA2 deficiency,31 we found that patients harboring 
STAG2 mutations are classified in spectrum 1, and were 
older than patients with SETBP1 mutations and mono-
somy 7. To go further, we showed that CCF of STAG2 mu-
tations were lower than those of SETBP1 or ASXL1 
mutations with up to eight STAG2 mutations per patient. 
Altogether, these observations suggest a different impact 
of STAG2 mutations, without obvious oncogenic potential 
but prone to induce a non-aggressive clonal hematopoie-
sis. Although our molecular analysis does not allow us to 
demonstrate that different STAG2 mutations were found 
in different clones, the  presence of several low CCF mu-
tations in distinct clones is a mechanism already re-
ported in other IBMFS.41 Single- cell DNA sequencing 
analysis is required to confirm it in GATA2 deficiency. 
Moreover, mutations that modify the fitness of cells with-
out association with transformation have been described 
in Shwachman-Diamond syndrome (SBDS) patients.41,42 
The authors proposed that EIF6 mutations can counter-
balance the initial deficiency induced by germline SBDS 
mutation and act as a somatic genetic rescue mechan-

Figure 7. Distinct pathways 
of somatic clonal progres-
sion in GATA2 deficient pa-
tients. Summary of the 
different possibilities of 
evolution according to the 
spectra. Proposal of a per-
sonalized follow-up of pa-
tients from each spectrum.
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ism. These mutations exhibit low VAF and up to eight dif-
ferent EIF6 mutations were present in the same individ-
ual, similar to what we found for STAG2 mutations. These 
mutations were found in multiple clones defining clonal 
hematopoiesis.42 STAG2 is a member of the cohesin com-
plex, implicated in the three-dimensional folding of DNA 
and, thus in the regulation of numerous transcription fac-
tors28 such as GATA2 in HSPC. Indeed, its alteration can 
open chromatin at GATA and RUNX sites.27,43 This suggest 
that STAG2 mutations may increase the expression of 
GATA2 target genes by increasing GATA site opening. 
STAG2 mutations could act as a potential compensatory 
pathway, improving the fitness of clones with limited leu-
kemic potential. 
Overall, monitoring these genetic abnormalities is con-
sequently of importance in the context of GATA2 defi-
ciency (Figure 7). 
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