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Recently, major advances in our understanding of the
pathogenesis of sporadic myelodysplastic syndromes
(MDS) and acute myeloid leukemia (AML) have been

made through unbiased gene discovery approaches. Similar
advances have been made in understanding the genetic basis of
rare cases of familial MDS and AML. Currently, germline muta-
tions in genes encoding transcription factors, including RUNX1,
CEBPA, and more recently GATA2,1-8 have been identified in
patients with familial MDS/AML. In patients with familial
MDS/AML, however, there is great heterogeneity in the age of
disease onset as well as the clinical characteristics of the
myeloid malignancy which develops in affected members of
such families. For instance, in the largest single survey of dis-
ease phenotypes in individuals with germline GATA2 muta-
tions, 50% of patients were without symptoms at the age of 20
and 16% continued to remain without symptoms by the age of
40.7 In this issue of Haematologica, West et al. begin to unravel
the genetic alterations that frequently occur together and col-
laborate with germline GATA2 mutations to promote the
development of MDS and AML.8

In 2011, four papers were published identifying heterozy-
gous germline GATA2 mutations as the cause of four previously
described clinical syndromes: primary lymphedema associated
with a predisposition to acute myeloid leukemia (Emberger
syndrome),1 RUNX1/CEBPA wild-type familial AML/MDS,2

monocytopenia and mycobacterial infections (MonoMAC syn-
drome),9 and the dendritic cell, monocyte, B and NK lymphoid
deficiency syndrome (DCML deficiency).10 Since then, approx-
imately 200 patients with germline GATA2 mutations have
been described (Table 1), each presenting with a variety of clin-
ical presentations but all with a high risk of developing
MDS/AML. In a summary of these studies, approximately
70% of GATA2-deficient individuals appear to develop MDS or
AML in their lifetime. 

Interestingly, attempts have been made to correlate the risk
and outcomes of myeloid malignancy in patients with germline
GATA2 mutations with the genotype of the GATA2 mutation
present, but this has been limited by the number of patients.7

Although monosomy 7 clearly appears to be enriched in
GATA2-deficient individuals who develop MDS and AML
(30% of individuals; Table 1), the first clue to a specific molec-
ular abnormality which might be an important collaborating
genetic event for the development of overt myeloid malignan-
cy in GATA2 mutant families came from recent work by Bodor
et al.3 In this prior study of a germline GATA2-mutant kindred,
somatic ASXL1 mutations were present exclusively in the two
members of the family who developed MDS/AML. This find-
ing strongly suggested that ASXL1 mutations might be an
important trigger for the development of overt disease in
GATA2-mutated patients. 

West et al. performed targeted sequencing of ASXL1 in 48
patients with germline GATA2 mutations and identified het-
erozygous ASXL1 mutations in 14 of them (29%). Given the

rarity of ASXL1 mutations in individuals with myeloid malig-
nancies less than 60 years old, the high frequency of ASXL1
mutations in GATA2-deficient individuals developing
MDS/AML is remarkable. Eight different ASXL1 mutations
were seen in ten different GATA2-mutant backgrounds. Similar
to the pedigree studied by Bodor et al., in this study one pair of
sisters had the same GATA2 mutation but only the sister who
had an ASXL1 mutation actually developed clinically evident
MDS. This finding further underscores the likely collaboration
between GATA2 and ASXL1 mutations in promoting the devel-
opment of MDS. In another informative pedigree here, two sis-
ters with the same GATA2 mutation had discordant ASXL1
genotypes but both developed chronic myelomonocytic
leukemia (CMML). This finding further validates the already
strong link between the presence of ASXL1 mutations and the
clinical phenotype of CMML.11

Although this study had a relatively limited number of
patients due to the rarity of germline GATA2 mutant patients,
the authors were able to determine that overall survival in
ASXL1-mutant/GATA2-mutant patients was worse than that in
patients with an ASXL1 wild-type/GATA2 mutant genotype.8

This finding is quite consistent with those of larger studies in
MDS patients revealing an unwavering association between
the presence of ASXL1 mutations and adverse outcome.11,12

In contrast to de novo MDS, MDS occurring in patients with
GATA2 germline mutations are usually hypocellular for age
with increased reticulin fibrosis.7 Interestingly, results from the
study by West et al. suggest that the development of ASXL1
mutations coincides with progression from the hypoplastic
MDS characteristic of GATA2 deficiency to a more proliferative
disease.8 More sensitive quantitative sequencing, comparing
samples during the hypoplastic MDS phase of disease and dur-
ing acute transformation will be needed to understand how
early the ASXL1 mutations occur in the pathogenesis of
myeloid disease in these individuals. This is especially relevant
since most individuals with co-occurring GATA2 and ASXL1
mutations in this study had additional cytogenetic abnormali-
ties such as monosomy 7. 

Further unbiased genome-wide sequencing studies, currently
being undertaken by this group and others, are needed to
understand the full spectrum of somatic mutations in
hematopoietic cells in individuals with disease evolution. For
instance, recent whole exome sequencing of serial samples
over a 17-year period from a single patient with severe congen-
ital neutropenia progressing to AML showed a number of early
and late genetic defects associated with leukemic progression.13

A nonsense mutation in the gene encoding for granulocyte
colony-stimulating factor receptor, CSF3R, appeared to be a
clear, early event in the severe congenital neutropenia phase of
the disease. In contrast, mutations arising later in the develop-
ment of AML included mutations in ASXL1, SUZ12, EP300,
RUNX1, and an additional mutation in CSF3R. Based on the
work by West et al., it is quite plausible that the development
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of MDS and AML in GATA2-deficient individuals might be
similarly driven by a stepwise accumulation of genetic
mutations with clonal expansion and selection, with ASXL1
seeming to play a central role.

The strong genetic link between GATA2 and ASXL1
mutations in patients with this rare germline disorder raises
the question of the frequency of ASXL1 mutations in dis-
eases marked by somatic GATA2 mutations. For instance,
somatic GATA2 mutations have been described in
Philadelphia chromosome-positive chronic myeloid
leukemia patients at transformation to myeloid blast crisis.14

Most of these cases were associated with a gain-of-function
mutation in GATA2 (Leu359Val) in contrast to GATA2 muta-
tions seen in patients with GATA2-mutant germline syn-
dromes. Somatic GATA2 mutations have also been identi-
fied in de novo AML. In such cases, GATA2 mutations tend
to be enriched in normal karyotype AML patients with bial-
lelic CEBPA mutations. From the limited data published on
such patients, GATA2 mutant de novo AML does not appear
to be significantly associated with ASXL1 mutations.
Moreover, GATA2 mutations in de novo AML appear to be
associated with a relatively favorable prognosis.15 

The significant co-occurrence of GATA2 deficiency with
ASXL1 mutations at development of MDS/AML strongly
suggests a cooperative interaction of these genetic events in
promoting hematopoietic transformation. ASXL1 is a
Polycomb associated protein which has been shown to
affect transcription through effects on the ability of the
Polycomb repressive complex 2 to perform histone H3
lysine 27 methylation16 and also potentially by interacting
with the histone H2A lysine 119 deubiquitinase enzyme
BAP1.17 Genome-wide localization studies of ASXL1 by
chromatin immunoprecipitation followed by next-genera-
tion sequencing recently showed that ASXL1 localizes
strongly to promoter regions of the genome.18 Moreover,
ASXL1 binding strongly overlaps with that of ETS tran-
scription factors.18 It is now well understood that deletion of
key ETS transcription factors, such as PU.1, promotes
aggressive myeloid malignancies in vivo. Interestingly even
lowering levels of PU.1 to 20% of normal levels promotes
leukemogenesis. This observation highlights the impor-

tance of transcriptional regulation of ETS target genes in the
pathogenesis of myeloid malignancy. Theses facts, taken
together with the knowledge that GATA2 interacts with
and represses PU.1,19 possibly suggest that the explanation
for the genetic interaction between ASXL1 and GATA2
may lie in the intersection of these factors in transcriptional
regulation of key PU.1 target genes. Given the importance
of ASXL1 mutations in myeloid malignancies and the devel-
opment of molecular knowledge regarding GATA2 function
in hematopoiesis, future functional work dissecting the
interaction of ASXL1 mutations and GATA2 haploinsuffi-
ciency may address this hypothesis. It is hoped that further
in vitro and in vivo work will elucidate this fascinating genetic
interaction identified by West et al.8
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Table 1. Development and characteristics of myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) in individuals with germline GATA2
mutations.1

Study Clinical syndrome N. of GATA2 N. of patients Median age N. of patients with Death  due 
at disease mutated developing of patients  monosomy 7 to AML/MDS2

presentation patients AML or at AML/MDS
MDS2 diagnosis2

Hahn et al.2 Familial MDS/AML 28 14 20.5 (10-53) 6/9 7
Ostergaard et al.1 Emberger syndrome 14 8 12 (9-53) 6 5
Bodor et al.3 Familial MDS/AML 5 2 20.5 (18-23) 2 2
Holme et al.4 Familial MDS/AML 6 6 20 (12-48) 1/3 0
Pasquet et al.6 Congenital neutropenia 14 10 15 (6-35) 4 4
Hsu et al.5 MonoMAC syndrome 203 11/16 21 (1.5-65) ND4 ND
Spinner et al.7 GATA2 deficiency 57 42/50 19 (0.4-78) 8/42 13
West et al.8 GATA2 deficiency 48 42 32.5 (12-78) 8/41 10
Dickinson et al.20 GATA2 deficiency 30 11/30 ND 2 3

Total 222 146/211 (69%) 29 (0.4-78) 37/126 (29%) 43/128 (34%)
1Only studies with five or more cases are included here. 2Chronic myelomonocytic leukemia (CMML) included in MDS. 3Fourteen patients from Hsu et al. who are also described in Spinner
et al. study were excluded. 4ND: not described. 
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Allogeneic hematopoietic stem cell transplantation
(HSCT) is currently used to treat different bone mar-
row disorders and hematologic malignancies.1 In

this context, allogeneic donor T cells play key roles in the
post-transplant immunity as they can attack the patient’s
malignant cells in a phenomenon referred to as graft-versus-
leukemia (GvL), which is the beneficial aspect of tissue dis-
parity. However, donor T cells also react against the tissues
of the patient contributing to the development of one of the
main complications after allogeneic HSCT, graft-versus-host
disease (GvHD).

Moreover, the description of the GvL effect in hemato-
logic malignancies led to the development of a cell therapy
approach using donor lymphocytes or donor lymphocyte
infusion (DLI) in order to treat patients with hematologic
relapse following allogeneic HSCT. DLI is currently an
effective treatment to restore remission in patients with
relapsed chronic myeloid leukemia (CML).2

In terms of allogeneic immune response post transplant,
it has been demonstrated that allogeneic cytotoxic CD8+ T
cells are the main mediators of the GvL effect as well as
GvHD, while CD4+ T cells are mainly ‘helpers’ in the

immune response by inducing maturation of dendritic cells
(DC) and activation of other immune cells such as CD8+ T
cells and B cells. It is currently known that CD4+ T cells can
stimulate the production of auto-reactive as well as allo-
reactive antibodies in the context of allogeneic HSCT,3,4 but
the importance of the co-operation between CD4+ T cells
and B cells in the immunity after HSCT has so far only been
reported against DDX3Y, a male specific antigen,5,6 and
needs further investigation.

Different HLA class II restricted polymorphic antigens
have previously been characterized as targets for allogeneic
CD4+ T cells in a patient suffering from CML who received
DLI after allogeneic HSCT.7,8 One of the identified antigens
was derived from PTK2B, a protein belonging to the focal
adhesion kinase family. As reported in this edition of the
Journal, in their study, Kremer et al.9 chose to focus their
attention on the response towards this specific antigen, as it
has been documented that PTK2B can be an antibody target
in certain transplanted patients treated with DLI for CML
relapse.10 However, it is still unclear whether the antibody
response activated in these patients is of an allogeneic or an
autologous nature and whether there is a specific T-cell
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