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Introduction

Hematopoiesis is a hierarchically regulated process committed for immunologic

surveillance and tissue oxygenation under the control of cytokines, signaling
pathways, bone marrow microenvironment, and transcription factors (Wickrema
et al., 2007). Together, they coordinate the progression from the hematopoietic
stem cell (HSC), characterized by pluripotency and self-renewal, through
hematopoietic progenitor cell (HPC) stages, retaining proliferative ability but
increasing restricted self-renewal and differentiation potential, to lineage-specific

cells that undergo terminal differentiation (Figure 1) (Orkin et al., 2008).
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Figure 1: Schematic representation of hematopoiesis. Hematopoietic stem cells
(HSC) can be classified as long-term (LT) or short-term (ST) HSC depending on their
division rate and self-renewing potential. They give rise to multipotent progenitor cells
(MPP) and then common myeloid or lymphoid progenitors (CMP and CLP, respectively),
which show restricted self-renewal and differentiation potential. The CMP can give rise to
the megakaryocyte-erythroid or granulocyte-macrophage progenitor (MEP and GMP,
respectively). Differentiated cells leave the bone marrow and exert their function in blood
or other tissues.
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An interconnected network of transcription factors modulates downstream gene
expression and determines cellular fate; therefore, their function must be tightly
regulated during hematopoietic development to maintain tissue homeostasis. The
GATA family of nuclear regulatory proteins arises as a prototype for the action of
lineage-restricted transcription factors, with important roles during primitive and
definitive hematopoiesis, and at different stages of hematopoietic cell

differentiation (reviewed by Vicente et al., 2012).

GATA factor family

The GATA family of transcription factors comprises evolutionarily conserved
proteins with crucial roles in the development and differentiation of eukaryotic
cells. They are named after their ability to bind the consensus DNA sequence
WGATAR through their zinc-finger domains (Ko et al.,, 1993). There are six
recognized members of the GATA family in mammals, which are divided into two
subfamilies based on their expression profile and domain structure (Morrisey et
al., 1996, Lowry et al., 2000, Molkentin et al., 2000, Ohneda et al., 2002, Cantor
et al.,, 2002, Grogan et al.,, 2002, Patient et al., 2002). GATA1, GATA2 and
GATAS3 are particularly relevant in hematopoietic development, while GATA4,
GATA5 and GATA6 are mainly expressed in tissues of mesodermal and
endodermal origin such as heart, liver, lung, gut and gonads, where they play
critical roles in regulating tissue-specific gene expression. With the exception of
GATAS5, null mutations for each of the GATA genes results in embryonic lethality
in mice, indicating that they are crucial transcriptional regulators of cell
development (Pevny et al.,, 1991, Tsai et al., 1994, Pandolfi et al., 1995,
Molkentin et al., 1997, Laforest et al., 2011, Koutsourakis et al., 1999).

The hematopoietic GATA factors

GATAT1 is mainly expressed in cells committed towards the definitive erythroid
and megakaryocyte lineages (reviewed by Bresnick et al., 2012). Disruption of
GATA1 in embryonic stem (ES) cells induces a primitive and definitive
erythropoiesis block, with only occasional appearance of proerythroblasts (Simon
et al.,, 1992). GATA1 supports megakaryocyte differentiation at multiple stages,
controlling growth of immature megakaryocytic progenitor cells and mediating
terminal maturation of megakaryocytes and platelet formation by interacting with
FOG1 (Muntean et al., 2005, Kuhl et al., 2005). In addition, GATAT1 is expressed
in the more differentiated eosinophilic and mast cell lineages (reviewed by
Bresnick et al., 2012).
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GATAZ2 expression has a broad distribution among hematopoietic cells, with a
particularly prominent expression in early progenitors, as well as in
megakaryocytes and in mast cell lineages. Furthermore, it is crucial for the
proliferation and maintenance of hematopoietic stem and progenitor cells
(Bresnick et al., 2012).

GATAG3 is the only GATA factor expressed in T lymphocytes. It contributes to the
development of T lymphocytes at different stages of differentiation, controlling the
appearance of the most early T-cell progenitors in the thymus from the thymus-
seeding progenitors, promoting its advance through double negative stages and
favoring the arise of CD4" single positive cells at the expense of CD8" single
positive cells. It is also the only GATA factor expressed in natural killer (NK) cells,
where it contributes to their maturation in bone marrow and thymus (Hosoya et
al., 2010).

The expression of these termed hematopoietic GATA factors is not limited to the
hematopoietic compartment, as they are present in other tissues where they play
important roles in development. GATAT1 is expressed in the Sertoli cells of the
testis; GATAZ is expressed in endothelial cells and in the central nervous system,
placenta, fetal liver, and fetal heart; and GATA3 is present in kidney, central
nervous system, placenta, skin and mammary gland (reviewed by Vicente et al.,
2012).

Both GATAT1 and GATAZ2 have alternative first exons depending on the host cell,
suggesting a tissue-specific regulation (Shimizu et al., 2005, Vicente et al., 2012).
In the case of GATAS, only one alternative first exon has been confirmed,

although other two can be found in the Gene database.

Partially overlapping functions of GATA factors

Despite that GATA members have a restricted expression pattern, the study of
their function in a biologically relevant context has suggested that many
properties of these factors are roughly interchangeable. Although only GATA1
and GATA2 are normally expressed in megakaryocytes, forced expression of
GATA3 was able to induce megakaryocytic differentiation of a murine myeloid
cell line (Visvader et al., 1993). In a murine model where GATA3 cDNA
substituted GATA7 locus and thus, GATA3 was expressed under GATA1
regulatory elements, GATA3 was able to restore embryonic yolk sac cell
numbers to 70% of normal levels, compared to only a 10% in GATAT null

embryos (Tsai et al., 1998). Another murine model with a 5% of normal GATA1
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expression showed that embryonic lethality was rescued when GATA2 or GATAS3
transgenes were expressed, but adult mice presented thrombocytopenia and
anemia with accumulation of immature red cells (Takahashi et al., 2000). Finally,
GATA3 activates its own transcription in T cells, repressing genes associated
with Th1 development (e.g.: IFNG), and favoring Th2 development with the
expression of IL4 and IL5. Although heterologous GATA factors are not
significantly expressed in T cells, GATA1, GATA2 and GATA4 were able to
induce endogenous GATAS3 activation (without induction of other endogenous
GATA factors), and promote Th2 development (Ranganath et al., 2001). This
apparent partial interchangeability of GATA factors under certain conditions
suggests that they share some functional abilities, but also that each GATA factor
exerts its function in a tissue-specific manner, probably due to their differential

regulation.

GATAZ2 structure and characteristics

The human GATAZ2 gene was first cloned from an umbilical vein endothelial cell
library, and was found highly homologous to the chicken GataZ2 (Lee et al., 1991).
Subsequent isolation of GATA2 cDNA allowed gene mapping and protein
prediction, as a first approach of structural determination (reviewed by Bresnick
et al., 2012).

The GATAZ2 gene

The human GATAZ2 gene is located within chromosome 3 (3921.3), and spans
13,760 kilobases (kb) containing 8 different exons (Figure 2). The first three are
alternatively transcribed depending on the host tissue, and exons 7a and 7b differ
in their length. The most distal first alternative exon is termed IS, and it is
specifically transcribed in hematopoietic tissue. The second alternative exon is
named IG, and is more broadly transcribed (Minegishi et al., 1998). These two
isoforms contain the 7a exon and are translated into the same protein (although
each protein has its specific designation, NP_116027.2 and NP_001139133.1,
respectively). However, the most proximal third alternative exon is transcribed
along with the shorter 7b exon, and gives rise to a slightly smaller protein
(NP_001139134.1).
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Figure 2: Schematic representation of GATAZ2 location, transcripts and protein
structure. Human GATAZ is located in chromosome 3, gives rise to three different
transcripts depending on the cellular context (shown in the middle). Non-translated region
is shown in gray, while coding sequence is depicted in black. These transcripts can be
translated into two different proteins (with the long isoform depicted below). GATA2
protein has two zinc-finger domains (ZnF), three transactivation domains (TAD), one
negative regulatory domain (NRD) and two putative nuclear localization signals (NLS).
Amino acid positions of relevant GATA2 characteristics are depicted in orange color.

The GATAZ protein

The longer GATA2 protein isoform contains 480 aminoacids, and the most
relevant features are two zinc-finger (ZnF) domains of the Cys-X,-Cys-X;7-Cys-
X,-Cys type, which belong to the treble clef fold group of ZnF domains (Figure 2)
(Krishna et al., 2003). It has been postulated that both ZnF domains were
originally a single motif, which was duplicated during evolution and nowadays
have apparently diverged to incorporate discrete functions (Yang et al., 1992).
The C-terminal ZnF (ZnF2) domain is critical for DNA binding to the WGATAR
consensus sequence. On the other hand, the N-terminal ZnF (ZnF1) domain also
shows independent DNA binding ability (Chlon et al., 2012), but its main role is to
stabilize overall DNA binding, discriminating among different binding sites for
subtle regulation of genes. ZnF1 also harbors a transactivation domain (TAD) to
stimulate transcription (Yang et al., 1992). In addition, GATA2 has other two
TADs outside the ZnF1, in the N and C terminal regions. All three TADs may
function synergistically by properly positioning the protein to make a precise
interaction with the DNA sequence (Yang et al., 1992). Between the N-terminal
TAD and ZnF1, a negative regulatory domain (NRD) is able to moderate the

production of early hematopoietic cells in mouse embryos, and shows little
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resemblance with the NRDs of other GATA factors; the highest homology is
shared with GATA3 at a 46%, and it has been reported as a TAD, not NRD
(Minegishi et al., 2003). Finally, being a nuclear transcription factor, GATA2 may
possess two nuclear localization signals. Although no functional analyses have
been reported, bioinformatic tools identify putative conserved nuclear localization
signals at the end of each ZnF domain. In fact, GATA1 harbors two conserved
basic sequences in the C-terminal region of both ZnF domains, and subcellular
localization analyses showed that each nuclear localization signal could direct
nuclear translocation independently (Visvader et al., 1995). GATAS3 also harbors
two basic amino acid clusters containing sequence similarity to the conserved
nuclear localization signal, and their simultaneous deletion (along with both ZnF

domains) affected nuclear localization (Yang et al., 1994).

The shorter GATA2 protein isoform possesses 466 aminoacids, lacking 14
residues that bridge both ZnFs (amino acids 340 to 353). Despite its depiction in
the Gene database, little is known about its function and expression pattern

throughout tissues with presence of GATA2.

Regulation of GATA2 and function as a transcription factor

Regulation of GATA2 is a complex process that includes transcriptional
regulation to initiate, sustain or shut down GATAZ2 expression, and post-
transcriptional and post-translational regulation through the interaction with
microRNAs (miRNAs) and other proteins. This regulatory network is oriented to

achieve a context-specific transcriptional function in hematopoietic cells.

Transcriptional regulation of GATAZ2 expression

Various studies have established the role of NOTCH1, BMP4 and EVI1 in the
activation of GATAZ in primitive hematopoiesis. Notch1 and its ligands Jag1 and
Jag?2 are expressed at the ventral wall of the dorsal aorta in mouse embryos at
E9.5-10.5 with a characteristic patched pattern that is shared with other
hematopoietic transcription factors. In these cells with Notch1 expression, Notch1
binds Gata2 promoter and activates its transcription for the generation of murine
intra-embryonic hematopoiesis (Robert-Moreno et al., 2005). BMP4 signaling,
which is crucial for hematopoietic and vascular development, has been also
implicated in activating the expression of Gata2 (Maeno et al., 1996). Finally,
Evi1, which is highly expressed in the yolk-sac and para-aortic splanchnopleural

region, also contributes to Gata2 activation during embryonic development
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binding to an enhancer located 7 kb far from GataZ2 transcription start site (TSS)
(Figure 3) (Yuasa et al., 2005).
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Figure 3: Activation of GATA2 and cross-regulation with cofactors. The expression
of GATAZ initiates by the action of NOTCH1, BMP4 and EVI1. Once this signaling
ceases, GATA2 can maintain its own transcription cross-activating TAL1, LMO2 and FLI1
cofactors. GATA2 can regulate downstream target genes in cooperation with these
cofactors.

Post-transcriptional regulation of GATA2

In addition to transcriptional regulation, GATAZ2 can be regulated at the mRNA
and protein level. The translation of GATA2 can be blocked by miRNAs, and
GATAZ2 interacts with different proteins to enhance or inhibit its function. The
translated protein can suffer covalent modifications to regulate DNA-binding
activity, protein stability, subcellular localization and association with cofactors.
GATAZ2 can also interact with other proteins to form multimeric complexes that do

not imply covalent modifications of the protein.

Interactions with microRNAs

There are three studies about the role of miRNAs in the regulation of GATA2
expression. miRNAs are small non-coding RNAs that regulate gene expression
at post-transcriptional levels, either by repressing translation or by inducing
sequence-specific degradation of target mMRNAs (Bartel et al., 2004). A study in
zebrafish identified two closely located miRNAs, miR-144 and miR-451, which
were transcribed as a single transcript. Of those, only miR-451 was shown to
decrease Gata2 expression and delay erythropoietic maturation in vivo (Pase et

al., 2009). Of note, it was previously described that Gata1 upregulated miR-144
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and miR-451 expression (Doré et al., 2008). It was later found that the SON
protein, a negative regulatory element-binding protein, and GATAZ2 itself,
repressed the transcription of the miR-27a-24 cluster in hematopoietic stem and
progenitor or immature erythroid progenitor cells. As erythropoiesis proceeded,
GATAT1 directly activated miR-27a~24 transcription, and this involved a GATA1-
mediated displacement of GATA2 (this replacement process is termed GATA
switch, see page 14). Furthermore, the mature miR-27a and miR-24
cooperatively inhibited GATAZ2 translation (Ahn et al., 2013, Wang et al., 2013).
In summary, these data indicate that Gata1 downregulates Gata2 expression
indirectly via miRNAs in differentiated cells, while SON maintains higher levels of
GATAZ2 by repressing miRNAs.

Interactions introducing covalent modifications

The first described covalent modification of GATA2 was the phosphorylation in

hematopoietic progenitor cells (Figure 4).

TAD NRD
Ub [

Figure 4: Covalent modifications of GATA2 and interaction with other proteins.
GATA2 can be covalently modified by phosphorylation (P), sumoylation (SUMO),
acetylation (Ac), and ubiquitinilation (Ub) at marked sites. Moreover, GATA2 can interact
with other proteins through one or both zinc finger domains (dotted orange arrows) or
through a non-specified domain.

GATA2 is phosphorylated in response to IL3-dependent activation of ERK
signaling pathway by MAPK, enhancing the transactivational activities of a
GATA-dependent CAT promoter (Towatari et al., 1994). Akt phosphorylates
GATAZ2 at Ser401 in response to insulin, which reduces the nuclear localization
of GATAZ2, blocking its transactivation ability, allowing adipogenesis, and
reducing expression of proinflammatory cytokines (Menghini et al., 2005). Finally,
CDK4/Cyclin D1 complexes phosphorylate T457 of GATA2, allowing
proteasome-dependent degradation of GATA2 in the G1 phase. Newly
synthesized IG exon derived GATAZ2 is phosphorylated at S227 by CDK2/Cyclin

10
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A2 complexes in the S phase, but the low activity of anaphase-promoting
complex/cyclosome (APC/C) in this phase prevents its degradation, increasing its
concentration until the G2/M phase, where the activity of APC/C is resumed,
interacts with Cyclin A2, and GATAZ2 is degraded. Conversely, due to the low
CDK activity during the GO phase, IS exon derived GATA2 is more stable,
allowing a higher expression. Thus, this showed that GATAZ2 expression is cell
cycle-dependent in synchronized leukemic cells, cultured cord blood CD34" cells,

and in lin” mouse bone marrow cells (Koga et al., 2007).

Another covalent modification, SUMOylation, was described to occur in
endothelial cells by interaction of the N- and C- terminal regions of PIASy with the
C-terminal region of GATA2. PIASy exerted a SUMO E3 ligase activity, covalently
modifying GATA2 probably through two predicted SUMOylation sites, MKME
(aminoacids 221 to 224) and MKKE (aminoacids 388 to 391). This modification
was preferentially with SUMO2 rather than SUMO1, and it suppressed GATA
binding site-dependent activation of endothelin 1 (ET1) promoter activity, without
altering GATA2 DNA binding ability (Chun et al., 2003).

Moreover, GATA2 can be acetylated by p300 and GCN5 (Hayakawa et al.,
2004). p300 acetylated lysines throughout the entire protein, namely K102, K281,
K285, K334, K336, K389, K390, K399, K403, K405, K406, K408 and K409, while
GCNS acetylated preferentially the C-terminal region of GATA2. Acetylation of
GATA2 by p300 enhanced its DNA binding and transactivation abilities of a
reporter bearing eight GATA responsive elements. Once the pattern of
acetylation by p300 was determined, it was suggested that a homologous protein
of p300, CREBBP, would be able to acetylate GATA2 to activate ectodermic
genes required for primitive erythropoiesis in Xenopus (Dalgin et al., 2007).
Before these studies, it was also suggested that the interaction of GATA2 with
HDAC3 could deacetylate not only histones but GATAZ2 itself, decreasing its
activity (Ozawa et al., 2001).

Finally, ubiquitinilation was the latest covalent modification described for GATAZ2.
It was reported that three regions of GATA2, encompassing aminoacids 1 to 70,
153 to 256 and 412 to 480, promoted ubiquitin-mediated proteasome
degradation, and thus were termed degrons. The presence of these degrons was
associated with a short half-life of GATAZ2 in multiple cell lines. The first and the
third degrons overlapped with TADs, concluding that the transcription of GATA2
target genes may be coupled with its degradation, which occurs with other

transcription factors (Minegishi et al., 2005).
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Protein-protein interactions including GATA2

In addition to interactions with proteins that covalently modify the GATAZ2 protein,
GATAZ2 associates with other cofactors to exert its function. Both ZnF domains
can bind DNA, but they can also mediate association with other proteins to form
multimeric regulatory complexes. GATAZ2 interacts with proteins involved in
hematopoiesis through one or both ZnF domains (Figure 4). ZnF1 interacts with
FOG1 (Chang et al., 2002). ZnF2 interacts with SPI1 (Zhang et al., 1999) and
CEBPA (Tong et al., 2005). Moreover, there are some proteins that are able to
bind both ZnFs to associate with GATAZ2, such as HDAC3 and HDAC5 (Ozawa et
al., 2001), MYB (Kitajima et al., 2002), PML (Tsuzuki et al., 2000), PLZF (Tsuzuki
et al., 2002) and RARa (Tsuzuki et al., 2004). Finally, although association with
STAT3 (Ezoe et al., 2004), HHEX (Minami et al., 2004), LMO2 (Osada et al.,
1995), AP1 (Masuda et al., 2004), and RUNX1 (Wilson et al., 2010) has been
described, the GATAZ2 region required for the interaction has not been elucidated.
In the case of STAT3, the homologous ZnF1 of GATA1 also interacts with
STAT3, suggesting that it could be the same region for GATA2. These
interactions can result in either activating (AP1, FOG1, PML, RARa) or inhibitory
(STAT3, HHEX) complexes. The opposite is also valid in certain cases, since the
interaction can be activating or inhibitory depending on the target. For instance,
CEBPA is able to activate PPARy to promote adipogenesis, but the interaction
with  GATAZ2 inhibits this activation (Tong et al., 2005). Conversely, GATA2
boosts the activation of an artificial CEBPA-responsive reporter (Greif et al.,
2011). On the other hand, it has been described that SPI1 inhibits GATA2
transactivation function of an artificial GATA binding site reporter (Zhang et al.,
1999), but they also cooperate to activate CSF1R transcription (Hahn et al.,
2011). Thus, the role of GATA2 in multimeric complexes appears highly

dependent on the cofactors and targets to which it is bound.
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GATAZ as transcription factor

GATAZ functions as a transcription factor, and various approaches have explored
the basics of its mechanism of action along with GATA1 and GATAS3. The first
notable fact is that despite the large number of WGATAR motifs throughout the
whole genome (rising up to 6,976,111 motifs), ChIP based studies revealed that
few are occupied by GATA1 or GATAZ2 (Figure 5) (Wozniak et al., 2008, Fujiwara
et al., 2009).

9,722 (0.14%)
OCCUPIED BY GATA

ARRANGEMENTS:
SINGLE WGATAR
TATCWGATAR(N),YTATCW
WGATAR(N);WGATAR
NGATAWGATAR

Figure 5: Occupancy and heterogeneity of GATA binding sites in the human
genome. The total number of GATA binding sites in the human genome is depicted as a
blue circle. GATA binding sites present different arrangements, including single WGATAR
sequences and double motifs. E-box-WGATAR composite elements are shaded in yellow
color. The red circle represents occupied GATA sites with any arrangement, 6% of which
correspond to E-Box-WGATAR composite elements.

In the case of GATA1, only 0.14% of all WGATAR consensus sequences are
occupied; occupancy was predominant in introns (37%) and more than 1 kb away
from RefSeq genes (47%) (Fujiwara et al., 2009). The genome displays different
arrangements of GATA binding motifs. Single WGATAR motifs can be found,
where the ZnF2 is responsible for DNA binding. Moreover, three other
arrangements have been described in vertebrates, in which both ZnF2 and ZnF1
binding would be required to maximize binding stability (Trainor et al., 1996). The
first disposition corresponds to a complete and an incomplete motif forming a
partially palindromic box and an additional motif separated by 3 base pairs (bp)
from the palindromic motif. They are relatively infrequent but GATA1 showed
highest binding affinity. The second disposition is a non-overlapping direct repeat

separated by 8 bp with a strong interaction with GATA1; and the third includes a
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complete GATA site and a second overlapping partial direct repeat with a
relatively weak interaction with GATA1. The determination of the crystallographic
structure of GATA1 and GATAS has also helped to elucidate the configuration of
the DNA-protein complex. Notable similarities were found in their binding
disposition, where the zinc module bound to the major groove and the basic tail
to the minor groove. The same study revealed a dimerization interface, which
was important for GATA self-association when binding adjacent WGATAR

consensus sequences (Bates et al., 2008).

GATA factors bind their consensus sequences as part of heteromultimeric protein
complexes. GATA1 forms complexes with E2A, TAL1, LMO2 and LDB1, named
LDB1 complexes (Love et al., 2014). There would be two DNA binding modules,
provided by E47-TAL1 heterodimer (binding to E-box, with a CANNTG sequence)
and GATA1 (binding to a WGATAR sequence). LMO2 and LDB1 would link the
two DNA binding moieties, with LMO2 directly interacting with GATA1 (Love et
al., 2014) (Figure 6). In a study analyzing GATA1 binding to DNA, 6% of the
9,722 GATA1 occupied WGATAR sites corresponded to E-box-WGATAR
composite elements, which accounted for a 0.93% of all the 62,412 composite

elements present in the genome (Wozniak et al., 2008).

The proposed mechanism of E-protein-GATA nucleoprotein complex assembly
for GATA1 was supposed to be similar for GATA2 (Wozniak et al., 2008). In fact,
GATAZ2 was shown to interact directly with LMO2 (Osada et al., 1995), and TAL1
occupancy in composite elements was predictive of GATA2 occupancy (Wozniak
et al., 2008). Nevertheless, the presence of GATA1 or GATAZ2 in similar
multimeric protein complexes exert overlapping as well as exclusive effects,

suggesting subtle regulatory mechanism divergences (see GATA switch).
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DISTAL ENHANCER

GATA/E-BOX MOTIF

—>

TARGET GENE

CANNTG-N, -WGATAR
EBOX/GATA MOTIF

PROMOTER

Figure 6: Participation of GATA2 in multimeric complexes for gene regulation.
GATAZ takes part in protein complexes to bind the E-box-WGATAR composite elements
of the genome. This binding can occur at proximal promoters and distal enhancers,
where chromatin looping brings complexes together and exert transcriptional activity
(adapted from Love et al., 2014).

The functionality of E-box-WGATAR composite elements has been directly
related to their structure: it was very sensitive to the distance between the E-box
and the WGATAR sequences and their mutual orientation (Wozniak et al., 2008).
In addition to the E-box, other motifs are detected near composite elements:
37.5% of GATA2-occupied composite elements showed SP1 binding sites when
considering £250 bp of flanking sequence, compared to only 9.4% of SP1 binding
sites in GATA2-unoccupied sites. A motif not related to protein binding or
transcription occurred within +100 bp of the composite elements in 62.5% of
GATA2-occupied versus 4.7% of GATA2-unoccupied sites, and had a
[TC][CTIICTITG[GT][GC][CG][ATIG[TG] sequence (Wozniak et al., 2008). Finally,
GATA2 occupancy was associated with diacetylated H3, tetraacetylated H4,
dimethylated H3K4, which are commonly described as active chromatin marks
(Wozniak et al., 2008, Bresnick et al., 2006). In contrast, trimethylated H3K9,
which is often present at repressed chromatin sites (Bresnick et al., 2006), was
enriched at 50% of GATA2-unoccupied sites, while only was enriched at 6.25%
of GATA2-occupied sites (Wozniak et al., 2008).

The study of partners of GATA2 was widened in a more recent report, which

integrated genome-wide computational analysis derived from ChlIP-seq of ten
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hematopoietic transcription factors, and acetylated H3K9 and H3K14 (for the
search of accessible genomic regions). They found that a heptad of transcription
factors formed by TAL1, LYL1 (a TAL1 ortholog), LMO2, GATA2, RUNX1, ERG,
and FLI1 bound to specific regions, of which nearly all contained GATA and ETS
binding sites, 76% E-box elements, and 39% RUNX1 binding motifs. Moreover,
these regions were next to 927 genes enriched in HSC-specific expression
(Wilson et al., 2010).

In summary, these data indicate that the mechanism of action of GATA2 as a
transcription factor comprises binding to single or complex GATA motifs and
forming protein complexes with TAL1 and ETS factors in E-box-WGATAR
composite elements, exquisitely distinguishing among the large number of
WGATAR sites of the genome. Also, GATA2 binding would favor the presence of

active chromatin marks.

The GATA switch

The mechanism of action of the hematopoietic GATA factors presented above
partially illustrates the complex processes associated with these proteins at
molecular level. Probably, as a consequence of that complexity, few direct
transcriptional targets of GATA2 have been validated. The most prominent target
is GATAZ itself: this autoregulatory loop has been extensively studied in murine
models, and it serves as an example to further understand the mechanism of
action of GATA2 and related GATA factors (Grass et al., 2003, Pal et al., 2004,
Martowicz et al., 2005, Grass et al., 2006, Wozniak et al., 2007, Snow et al.,
2010, Snow et al., 2011). These studies reported that Gata2 activates its own
transcription in hematopoietic stem and early progenitor cell stages. Using G1E
cells as a model, this self-sustained activation of Gata2 was quickly abrogated in
retrovirally transduced G1E cells, in which Gata1 expression was induced in an
estrogen dependent manner. Upon ectopic Gatal expression Gata2 was
substituted by Gata1 in the GataZ2 locus along with chromatin modifications, and
was termed the "GATA switch".

In normal erythroid development, GATA switch occurs at the entrance to the
proerythroblast stage, where it activates erythroid-specific genes and contributes
to the repression of genes associated with HSC maintenance (Figure 7A)
(Bresnick et al., 2010, Love et al.,, 2014). The GATA factor interchange is
primarily caused by their differential stability: GATA2 is much less stable than

GATA1, and the non-finger regions appeared to contribute to this difference
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(Minegishi et al., 2005). It was later suggested that GATA1 could replace GATA2
during the M or G, phases of the cell cycle: GATA2 would be quickly degraded at
those stages, while GATA1 would remain stable to repress GATAZ2 transcription.
Successive cell cycles could lead to shut down GATAZ2 transcription and promote

mature erythroid development (Figure 7B) (Koga et al., 2007).

> HSC

MAINTENANCE
GENES

—>
ERYTHROID
GENES

CANNTG-N; ;-WGATAR

Gata1t

Gata2 Talt

EXPRESSION

HSC CMmP MEP ERYTHROBLAST

ERYTHROID MATURATION

Figure 7: The GATA switch model. (A) Gatal and Gata2 participate in similar
multimeric complexes, but those containing Gata2 regulate the expression of HSC
maintenance genes, while those containing Gata1 regulate erythroid genes. (B) Graph
representing the expression of proteins present in multimeric complexes containing
GATA factors. Gata2 expression is highest in immature cells, and as cells become
committed to the erythroid lineage, Gata?l expression is induced whereas Gata2 is
repressed. (C) Schematic representation of the GATA switch at the murine GataZ2 locus.
Gata2 activates its own transcription in early hematopoietic cells. The activation of Gata1
triggers the downregulation of Gata2 by displacement of the Gata2 protein from its own
promoter (adapted from Love et al., 2014).

Among the more than 80 WGATAR sites 80 kb upstream and 30 kb downstream
the murine Gata2 locus, five relevant regulatory domains were located: 77, 3.9,
2.8 and 1.8 kb upstream and 9.5 kb downstream of IS transcription start site
(TSS) in the murine genome (Table 1). Each had its specific GATA binding site
configuration. In non-induced G1E cells (with no expression of Gata1), Gata2
bound to all these sites with the highest strength at -1.8, associating with Crebbp
and Fog1. The association with Crebbp would aid to maintain acetylated histone
marks, and complementarily, dimethylation marks of H3K4 were low in general.
These histone marks are commonly associated with an accessible chromatin,
and this was indicated by the higher DNAse | hypersensitivity in all analyzed

sites.
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Upon Gata1 induction, Gatal concomitantly replaces Gata2 with a similar
kinetics in all sites, with the highest occupancy at -77 and -3.9. Fog1 is crucial in
this substitution process (Figure 7C): although it is dispensable for Gata2
autoregulation, Gata1 requires the presence of Fog1 to replace Gata2, since
Gata1l overexpression in Hox11 immortalized Fog?1”™ hematopoietic cell
precursors decreases Gata2 transcription by a 30%, compared to a 90%
repression in G1E cells, which express Fog1 (Pal et al., 2004). The substitution
by Gata1 induces different chromatin modifications in each region. This could be
caused by the interaction of FOG1 with subunits of the nucleosome remodeling
and histone deacetylase (NURD) complex (Vicente et al., 2012). As a whole, -77,
-3.9, -2.8, -1.8 and +9.5 regions function as four distinct regulatory domains, with
-2.8 and -1.8 regions having partially overlapping functions (Table 1). -3.9, -2.8
and -1.8 displayed cell type-specific enhancer activities, while -77 had a broader
activity (both in MEL and G1E cells) and +9.5 had the broadest activity, (MEL,
high activation in G1E and also in endothelial cells). The GATA2-specific activity,
the strong GATA2 binding and the necessity to achieve maximal GATA2
expression show that the -2.8 and -1.8 regions are particularly relevant for

GATAZ2 positive autoregulation in hematopoiesis.
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Table 1: Summary of GATA switch.

7 —ol{— (39) (3] o qSn 150 $6— i
- 27 ' ' — 7 U LI/ '
o . 2 GATA ifs: 2 GATA motifs:

3 GATA m:)tlfs. 2 GATAmotifs: W(éATA:OtI s WGATAR IS exon IG exon 3 GATA motifs:
_ WGATAR WGATAR WGATAR WGATAR Active Activein | NGATAR
Site summary NGATAN WGATAR o ) g Obposite strands specifically in | all GATAZ | £ | o \WGATAR
WGATAGATAN | Opposite strands, sep':;?:ltt: dsgaq 485 seppparate by 3 bp hematopoietic | expressing
separated by 15 bp Wit'f] gy AXT boxp cells cells WGATAN
L Active + + ++ +++ - - +
GATA2 binding -
Inactive = = - - - - -
Lo Active - +/- +/- +/- - - -
GATAT1 binding -
Inactive +++ +++ ++ + - - +
- Active ++ + + + - +/- +/-
CREBBP binding
Inactive ++ ++ +/- +/- - +/-
Active + + + + - -
FOG1 binding -
Inactive ++ + ++ + - -
DNA Active Yes Yes Yes (weak) Yes ND ND ND
hypersensitivity | |nactive Yes Yes No No ND ND ND
Active + ++ + + +++ +++ +
AcH3 _
Inactive + + = - ++ + -
: Active + + + + ++ + +
Histone AcH4
marks Inactive + = = = + = =
Active + + ++ ++ ++ +
H3K4Me; _
Inactive ++ +++ ++ + ++++ +++ +
Activity in MEL' + + - - ND ND +
Activity in G1E + - + + ND ND +++

*Bold GATA motifs correspond to functionally relevant sites.
TMEL cells only express GATA1, while G1E only express GATAZ2.
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Other GATAZ targets

In addition to self-activation, GATA2 forms a cross-regulatory network that
includes transcriptional target activation and protein-protein interactions with
gene products of those targets. The first example is the aforementioned Bmp4,
which activates Gata2 in primitive hematopoiesis. In turn, Gata2 binds and
activates Bmp4, as it was shown in murine ES cell derived hemangioblasts. This
constituted a positively regulated loop that activated mesodermal genes and shut

down ectodermal and endodermal genes (Lugus et al., 2007).

GATAZ2 expression initiates a transcriptional program that includes activation of
critical cofactors. It was first described that Gata2 induced the expression of a
crucial hematopoietic gene, Tal1, through a 3' enhancer that directed expression
to dorsal plate mesoderm entering the hemangioblast stage in Xenopus embryos.
In vitro experiments showed that Gata2, in combination with Fli1 and EIf1, bound
to an enhancer of Tal1 located 19 kb downstream of TSS and activated Tal1
transcription (Gottgens et al.,, 2002). Once activated, TAL71 expression is
maintained in hematopoietic cells with erythroid potential, including HSCs,
multipotential progenitors (MPP), common myeloid progenitors (CMP),
megakaryocyte/erythroid progenitors (MEP), and nucleated erythroid cells
(Zhang et al., 2005).

Fli1, a member of the ETS factor family, is activated by Gata2 through an
enhancer located 12 kb downstream of TSS (Pimanda et al., 2007). The same
study suggested that Notch1 and Bmp4 would activate Gata2 and Fli1
expression, which would combine to initiate Tal71. These three factors could then
maintain the expression of each other in HSCs after Notch1 and Bmp4 signaling

would have ceased.

LMO2 is included in the GATAZ2 target and GATA2 partner list. Lmo2 is activated
by Tal1/Lmo2/Gata factor binding to multiple distal hematopoietic enhancers at
the hemangioblast stage (Landry et al., 2009), and it is also upregulated by
GATAZ2 at the progenitor stage (Huang et al., 2009).

Finally, another example of gene regulated by GATA2 and GATA2 partners in
hematopoiesis is RUNX1, which is crucial for the emergence of definitive HSCs.
An intragenic enhancer controlled by Gata2, Ets proteins, Tal1, Lmo2 and Ldb1
was responsible for Runx1 expression in the dorsal aorta of murine embryos
(Nottingham et al., 2007).
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In summary, GATA2, TAL1, ETS factors, LMO2 and RUNX1 cross-activate and
cooperate forming multimeric complexes that also contain other factors such as
E2A and LDBH1, called LDB1 complexes (Love et al., 2014). They regulate the
transcription of downstream targets in the developing hematopoietic and
endothelial cells. GATA2 also regulates transcriptional targets through LDB1
complexes in other cellular contexts: the promoter region of ANGPT2 was
responsible for GATA2 containing complex-dependent activation in endothelial
cells (Simon et al., 2008, Deleuze et al., 2012).

It has been shown that GATA2 directly regulates targets at intermediate
differentiation stages of hematopoiesis, but the complexes involved have not
been investigated. For instance, GATA2 inhibits erythroid differentiation
repressing EPO expression (Imagawa et al., 2002). On the other hand,
downregulation of Gata2 in the murine G1E cell line decreased the expression of
genes related to megakaryocytic potential such as Slamf1, and upregulation of
genes related to myeloid potential Spi1 and Hhex. Moreover, Gata2 binds directly
to cis-regulatory regions of these genes (Huang et al., 2009). The regulation of
Spi1 by GATA factors was further characterized in another study: Both Gata1
and Gata2 were able to bind Spi1 at two conserved regions and both were able
to repress Spi1 expression. However, Gatal exerted a more profound
downregulation of Spi1 than Gata2. Gata2 binding was associated with an
undifferentiated state, intermediate levels of Spi1 expression, and low expression
of myeloid genes. Gata1 expression replaced Gata2 at Spi1 locus and induced
erythromegakaryocytic differentiation, extinguishing Spi1 expression (Chou et al.,
2009).

Finally, in the context of cancer, it was described that GATA2 and GATA1 bound
to a 3' enhancer of WT1, which activated the expression of WT7 in both
hematopoietic and solid tumor cell lines. However, there was a low correlation
index between WT1 and GATA1 or GATA2 expression in 23 acute myeloid
leukemia (AML) and 3 acute lymphoid leukemia cases (Furuhata et al., 2009).

GATA2 requirement in hematopoiesis

The information shown above anticipates the indispensable role that GATA2
exerts in normal hematopoiesis. Various approaches have determined the effects
of a deregulated GATA2 expression above or below normal levels at different
hematopoietic stages, and they have shown that GATA2 expression must be

within a narrow window to ensure an appropriate cell function.
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Mouse models

Mice homozygous for a disrupted GataZ2 fail to develop beyond E11.5, dying from
severe anemia. Moreover, Gata2 disrupted ES cells do not contribute to primitive
(E13) and definitive (beyond E17) hematopoiesis when injected into normal
embryos. Their impaired response to c-kit ligand or stem cell factor was
suggested as responsible for cell defects (Tsai et al., 1994). Another mouse
model used a version of Cre recombinase fused to a tamoxifen-sensitive ligand
binding domain of the estrogen receptor, whose expression was under the
control of the +9.5 regulatory element. Upon endogenous +9.5 element activation
and tamoxifen exposure, Gata2 was deleted and this led to anemia, hemorrhage,
and eventual death (E16.5) in edematous embryos, involving HSC loss in the
fetal liver and defective lymphatic development (Lim et al., 2012). The relevance
of the +9.5 element was further highlighted in another mouse model. The
homozygous deletion of the +9.5 element demonstrated that it enhanced Gata2
expression and was required to generate long-term repopulating HSCs in the
aorta-gonad-mesonephros (Gao et al., 2013). Both studies underscored the role
of Gata2 in HSC. In fact, another study using Vec-Cre and Vav-Cre systems to
conditionally delete Gata2 reported that Gata2 function was essential for the
generation of HSC during the stage of endothelial-to-hematopoietic cell transition

and for HSC survival once they were generated (de Pater et al., 2013).

On the other hand, haploinsufficiency of Gata2 perturbs both embryonic and
adult HSC homeostasis. A haploid dose of Gata2 markedly reduces HSC
production and expansion in the aorta-gonad-mesonephros region, where the
first HSCs are generated (Ling et al., 2004). Although haploinsufficient mice are
born at normal Mendelian ratios, haploinsufficient cells show a decrease in the
granulocyte-macrophage progenitor colony forming ability, suggesting progenitor
cell impairment. Competitive transplants of haploinsufficient and wild type (WT)
cells show additional defects: 7 weeks after transplantation, a lower contribution
of haploinsufficient HSC and HPC is detectable. Between 4 and 8 months, there
is a pronounced decrease in HPC contribution. At 11 months, there is a reduced
contribution of specific cell lineages: the monocyte compartment is the most
affected, followed by the B-cell compartment and T-cell compartment. On the
other hand, the granulocyte compartment is not affected. Primitive
haploinsufficient cells are quiescent and undergo a higher rate of apoptosis than

their WT counterparts, with decreased expression of the antiapoptotic gene Bcl-
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xL, although both display similar self-renewal ability (Rodrigues et al., 2005,
Rodrigues et al., 2008).

Effects of GATAZ2 ectopic expression in hematopoiesis

The expression of GATA2 above normal levels also alters hematopoietic cell
development. Murine stem/progenitor bone marrow cells transduced to stably
express ectopic GATA2 display proliferation and differentiation blocking, and
hematopoietic repopulation of lethally irradiated mice is delayed. In fact, cells
responsible for hematopoietic repopulation expressed ectopic GATA2 at
relatively low levels (Persons et al., 1999). Although high levels of GATA2 do not
induce apoptosis, expression of c-myc, Skp2 and Cul1 is reduced (Ezoe et al.,
2002). In both studies, transduced cells with a GATA2 expression in the lower
range were able to proliferate and cycle more frequently. These effects on
proliferation and cell cycle were later assessed in human cord blood samples.
Although p21°"" and p27%"" components were not induced, cell cycle
components CDK4 and CDK6 were repressed upon ectopic GATA2 expression,
and the proliferation was effectively slowed down by modulation of Mef and Hes1
(Tipping et al., 2009). In summary, these studies suggested a role of GATAZ2 in

inducing quiescence at the primitive cell stage with a dose-dependent effect.

During normal hematopoietic development, GATAZ2 expression is highest in the
most immature population, where it induces quiescence. GATAZ expression can
decrease each time a HSC enters cell cycle, which would gradually allow HSCs
to undergo progressive differentiation (Koga et al., 2007). This partial decrease in
GATAZ2 expression also allows cells to actively proliferate, entering the progenitor
stage (Tsai et al., 1997). At the progenitor stage, however, GATAZ2
overexpression impairs proper differentiation of hematopoietic cells. Ectopic
expression of GATAZ2 under estrogen control inhibits chicken erythroid progenitor
cell differentiation (Doré et al., 2011). Macrophage differentiation of murine ES
cells is also blocked by Gata2 overexpression in the presence of macrophage
colony-stimulation factor (MCSF) (Kitajima et al., 2006). On the other hand,
although overexpression of GATAZ2 leads to excessive megakaryocytic progenitor
expansion, maturation is not blocked in this cell compartment (Huang et al.,
2009). In summary, in order to achieve proper hematopoietic progenitor
proliferation and differentiation, GATA2 expression must decrease. The most
notable exception is the mast cell lineage, where Gata2 expression increases

significantly during the differentiation of murine bone marrow cells towards mast
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cells (Ohmori et al., 2012). The other exception where GATAZ is also expressed

is the megakaryocytic differentiation (Terui et al., 2000).

GATA2 and hematological diseases

Given the importance of an adequate GATAZ2 expression during normal
hematopoiesis, aberrant GATA2 regulation or function can lead to disease.
Indeed, a study showed that the expression of GATAZ2 in patients suffering from
aplastic anemia was lower, compared to healthy controls. Aplastic anemia is a
bone marrow condition characterized by a fatty replacement of HSCs that leads
to pancytopenia. The loss of direct repression of the adipogenic transcription
factor PPARy by the lower GATA2 expression was suggested as responsible for
the fatty replacement of bone marrow (Fujimaki et al., 2001). It was later reported
that this downregulation of GATAZ2 could be caused by an increase in the IFNy
expression (Xu et al., 2009). On the other hand, abnormal expression of GATA2
was observed in 40 out of 45 patients with severe myelodysplastic syndrome
(MDS) (Fadilah et al., 2002).

Contribution of GATAZ2 to myeloid malignancies

GATA2 contributes to myeloid malignancies through various mechanisms.
Overexpression of GATAZ is a recurrent event in AML, with a poor prognostic
impact in both adult and pediatric AML. Moreover, recent studies have found
somatic GATAZ2 mutations in chronic myeloid leukemia in blast crisis (CML-BC)
and in AML. These mutations are strongly associated with a biallelic CEBPA
mutation status (biCEBPA), a rare subgroup of normal karyotype AML. Finally,
several families with a history of early development of MDS, chronic
myelomonocytic leukemia (CMML) and/or AML displayed germline GATAZ2

mutations.

Overexpression of GATAZ in acute myeloid leukemia

Two studies found GATAZ2 expression in 54/62 AML patients by qRT-PCR
(Shimamoto et al., 1995) and in 21/41 AML patients (Ayala et al., 2009). Our
group was the first to correlate GATAZ2 expression with cytogenetic data,
molecular markers, and prognosis in a cohort of 259 patients with AML.
Overexpression of GATAZ2 (97/259 patients, 37.4%) was associated with clinical
features related to poor prognosis in AML. It was more prevalent in the poor
cytogenetic risk group (46.1%), in elderly patients and in those with secondary

AML, and it was correlated with WT7 and EVI1 overexpression. Moreover,
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GATAZ overexpression was associated with a significantly lower overall survival
(OS) and event-free survival (EFS) compared to patients with normal GATA2
expression in a sub-cohort of 112 AML patients. Finally, GATA2 overexpression
was also highly represented in AML with normal karyotype (23/57 patients, 40%,
overexpressed GATA2), and there was also associated with worse OS, EFS, and
disease-free survival (DFS). Consistent with data in patients, 5 out of 11 (45.5%)
AML cell lines overexpressed GATAZ2 (Vicente et al., 2012).

The expression of GATA2 has been also analyzed in 237 pediatric AML patients.
GATAZ2 expression was higher in 65% of patients, compared to normal bone
marrow. Moreover, high expression of GATAZ2 at diagnosis was an independent
poor prognostic factor for OS, EFS and DFS. This was particularly evident in
patients with French-American-British (FAB) M5 classification, inversion of the

chromosome 16, or high WT7 expression (Luesink et al., 2012).

Somatic mutations of GATAZ2 in myeloid malignancies

In addition to GATAZ2 overexpression, acquired (somatic) mutations of GATA2
have been found in myeloid malignancies (Table 2 and Figure 8). Two GATA2
mutations were first reported in CML patients in accelerated phase or blast crisis.
The most common was the p.Leu359Val mutation, which was present in 8/85
(9%) cases. The p.Ala341_Gly346del in-frame deletion was detected in only one
patient. p.Leu359Val is a missense mutation that affects the ZnF2 domain of
GATAZ2, which is critical for DNA binding and protein association. Functional
analyses showed that p.Leu359Val was a gain-of-function mutation, with
enhanced DNA binding ability, higher transactivation activity of target genes, and
a more effective inhibition of the ability of SPI1 to activate the MCSFR promoter.
Moreover, p.Leu359Val ectopic expression conferred resistance to the monocytic
differentiation of the HL60 cell line upon vitamin D3 or all-trans retinoic acid
(ATRA) induction (Zhang et al., 2008, Hahn et al., 2011). Of note, p.Leu359Val

was not found in other myeloid malignancies (Zhang et al., 2009).
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Table 2: List of reported somatic GATA2 mutations and associated malignancy.
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Mutation (DNA)* Mutation (protein) Mutation type Affected ZF domain | Reference CEBPA status | Cases/total studied | Diagnosis
c.605G>C p.Ala203Pro Missense (NC) None Green et al., 2013 SM 1/153 AML
Unknown p.His258fs Frameshift None Green et al., 2013 SM 1/153 AML
c.878G>A p.Ar9293GInT Missense (NC) None Greif et al., 2012 DM 1/160 CN-AML
c.911C>A p.Pro304His Missense (NC) 1 Yan et al., 2011 NM 1/112 AML-M5
c.920G>T p.Arg307Leu Missense (NC) 1 Fasan et al., 2013 DM 11212 CN-AML/IRK-AML
c.918C>T p.Arg307Trp Missense (NC) 1 Green et al., 2013 DM 1/153 AML

Fasan et al., 2013 DM 1/212 CN-AML/IRK-AML
c.923G>C p.Arg308Pro Missense (NC) 1 Green et al., 2013 DM (2/2) 2/153 AML

Niimi et al., 2013% NM 1/96 CN-AML
c.949A>C p.Asn317His1 Missense (NC) 1 Greif et al., 2012 DM 1/160 CN-AML
c.950A>T p.Asn317lle Missense (NC) 1 Fasan et al., 2013 DM 11212 CN-AML/IRK-AML
c.950A>G p.Asn317Ser Missense (NC) 1 Fasan et al., 2013 DM 1/212 CN-AML/IRK-AML

Greif et al., 2012 DM (3/3) 3/160 CN-AML
c.952G>A p.Ala318Thr* Missense (NC) 1 DM (2/2) 2/153 AML

Green et al., 2013 SM 1153 AL
c.953C>G p.Ala318Gly" Missense (C) 1 Greif et al., 2012 DM 1/160 CN-AML

Luesink et al., 20128 DM 1/230 Pediatric de novo AML-M2
. Greif et al., 2012 DM 1/160 CN-AML

c-953C>T p-Ala318val Missense (C) ! Fasan et al., 2013 DM (3/3) 3/212 CN-AML/IRK-AML

Green et al., 2013 DM (3/3) 3/153 AML
¢.953_954insTCC p.Cys319_Gly320insSer | In-frame insertion 1 Yan et al., 2011 SM 1/112 AML-M5

) Greif et al., 2012 DM (3/3) 3/160 CN-AML

C-958G>A p-Gly320Asp Missense (NC) ! Fasan etal., 2013 DM 11212 CN-AML/IRK-AML
c.959G>T p.Gly320Val Missense (C) 1 Green et al., 2013 DM 1/153 AML
c.961C>G p.Leud21Val Missense (C) 1 Fasa.n etal.,, 2013 DM 1/212 CN-AML/IRK-AML

Greif et al., 2012 DM 1/160 CN-AML

Greif et al., 2012 DM 1/160 CN-AML
c.961C>T p.Leu321Phe Missense (NC) 1 Fasan et al., 2013 DM (4/5) 5/212 CN-AML/IRK-AML

Green et al., 2013 DM (3/3) 3/153 AML
c.962T>A p.Leu321His Missense (NC) 1 Fasan et al., 2013 DM 1/212 CN-AML/IRK-AML

Greif et al., 2012 DM 1/160 CN-AML
c.962T>C p.Leu321Pro Missense (NC) 1 Green ot al., 2013 M 1153 AML
c.962T>G p.Leu321Arg Missense (NC) 1 Fasan et al., 2013 DM 1/212 CN-AML/IRK-AML
c.983A>C p.GIn328Pro Missense (NC) 1 Greif et al., 2012 DM 1/160 CN-AML
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Table 2 (cont.)

Mutation (DNA)* Mutation (protein) Mutation type Affected ZF domain | Reference CEBPA status | Cases/total studied | Diagnosis
Greif et al., 2012 DM 1/160 CN-AML
c.989G>A p.Arg330GIn Missense (NC) 1 Fasan et al., 2013 DM 11212 CN-AML/IRK-AML
Green et al., 2013 DM 1/153 AML
c.989G>T p.Arg330Leu Missense (NC) 1 Green et al., 2013 DM 17183 AML
SM 1/153 AML
c.989G>C p.Arg330Pro Missense (NC) 1 Green et al., 2013 DM 1/153 AML
c.1021_1038del18 p.Ala341_Gly346del In-frame deletion 1 Zhang et al., 2008 Unknown 1/85 CML-BC
c.1061C>A p.Thr354Lys Missense (NC) 2 Fasan et al., 2013 NM 11212 CN-AML/IRK-AML
c.1069A>T p.Thr357Ser Missense (C) 2 Shiba et al., 2013 NM 1/157 Pediatric de novo AML-M4
c.1075T>G p.Leu359Val Missense (C) 2 Zhang et al., 2008 Unknown 8/85 CML-BC
c.1082G>A p.Arg361His Missense (C) 2 Fasan et al., 2013 NM 11212 CN-AML/IRK-AML
) Luesink et al., 2012% NM 1/230 Pediatric de novo AML-M4
¢1084C>G p-Arg362Gly Missense (NC) 2 Shiba et al., 2013° NM 11157 Pediatric de novo AML-M3
¢.1085delG p.Arg362fsX24 Frameshift 2 Luesink et al., 2012% NM 1/230 Pediatric de novo AML-M4
) Luesink et al., 2012 NM 1/230 Pediatric de novo AML-M4
¢-1085G>C p-Arg362Pro Missense (NC) 2 Shiba et al., 2013° NM 2157 Pediatric de novo AML-M1/M4
Luesink et al., 20128 DM 1/230 Pediatric de novo AML-M1
Fasan et al., 2013 DM (2/3) 3/212 CN-AML/IRK-AML
c.1085G>A p.Arg362GIin Missense (NC) 2 Yan et al., 2011 NM 2/112 AML-M5
Green et al., 2013 DM 1/153 AML
Shiba et al., 2013 SM 1/157 Pediatric de novo AML-M1
c.1086_1087insCGA p.Arg362dup In-frame insertion 2 Green et al., 2013 SM 1/153 AML
c.1123C>A p.Leu375lle Missense (C) 2 Shiba et al., 2013 SM 11157 Pediatric de novo AML-M3
c.1136T>A p.Leu379GIn Missense (NC) 2 Fasan et al., 2013 DM 1/212 CN-AML/IRK-AML
c.1154C>T p.Pro385Leu Missense (NC) 2 Green et al., 2013 SM 1/153 AML

C, conserved amino acid type in missense

mutation; NC, non-conserved amino acid type; NM, non-mutated; SM, single-mutated; DM, double-mutated; CN-AML,

cytogenetically normal acute myeloid leukemia; IRK-AML, intermediate risk karyotype acute myeloid leukemia; CML-BC, chronic myeloid leukemia in blast crisis.
*The RefSeq sequence used as reference was NM_032638.4.
1These GATA2 mutations were presented simultaneously in the same patient (Greif et al., 2012).

+These GATA2 mutations were presented simultaneously in the same patient (Green et al., 2013).

§The origin of several mutations described by Luesink et al. (2012), Niimi et al. (2013) or Shiba et al., (2013) could not be determined due to lack of germline or remission

material. However, due to their similarity to other somatic mutations, they are listed in this table.
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Figure 8: Schematic representation of somatic and germline GATA2 mutations. Up
to 38 different somatic mutations have been reported in sporadic myeloid malignancies,
where there is a high frequency of missense mutations in the ZnF1 (21). On the other
hand, 50 different germline mutations have been detected. Most germline mutations
involve frameshift mutations before ZnF2 (15) and missense mutations in ZnF2 (12).

In AML, somatic GATA2 mutations are more common in cases with double
mutations of the CEBPA gene (biCEBPA), a rare alteration in AML, which
accounts approximately for 4% of all AMLs. This would explain that two groups
did not detect mutations in large series of patient samples (Zhang et al., 2009;
Vicente et al., 2012), while other two groups found GATA2 mutations in less than
3% of cases (Yan et al., 2011; Luesink et al., 2012). However, recent studies
found that somatic GATA2 mutations were common in biCEBPA-mutated AML,
ranging between 18-40% of patients (Greif et al., 2012, Fasan et al., 2012, Green
et al., 2013). Of note, our group found the R307W GATAZ2 mutation in the MUTZ3
AML cell line, which was also present in the study published by Green et al., in
2013. The most common group of sporadic mutations in GATA2 in AML
corresponds to missense mutations. To date, 33 different missense somatic
mutations have been found in AML, being the ZnF1 especially affected with 21.

Other mutations include frameshift and in-frame insertions (Table 2).

Missense GATAZ2 somatic mutations showed a reduced ability to enhance
CEBPA-dependent activation of transcription. Indeed, CEBPA targets were
altered in the biCEPBA AML patients with GATA2 mutated, compared to GATA2
non-mutated biCEBPA AML patients. Bioinformatic analyses suggested that
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these somatic missense mutations could have hindered DNA binding ability
through their ZnF1 (Greif et al., 2012).

GATA2 mutations were associated with an immature phenotype of leukemic
blasts and AML FAB subtypes M1 and M2 (Fasan et al., 2012; Grossmann et al.,
2013). Interestingly, the presence of biCEBPA and GATAZ2 mutations excluded
the presence of internal tandem duplications of FLT3 (FLT3-ITD) (Greif et al.,
2012, Grossmann et al.,, 2013). In fact, patients with biCEBPA and GATAZ2
mutations had a better OS compared to patients with biCEBPA and WT-GATA2
(Fasan et al., 2012).

In summary, a total of 38 different GATA2 somatic mutations have been
described in myeloid malignancies (Table 3). The p.Leu359Val is of particular
relevance in progressing CML. However, most GATA2 mutations in AML are
found in AML with biCEBPA mutations, are missense mutations affecting ZnF1,
and are associated with a better OS in biCEBPA AML cases.
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Table 3: Summary of GATA2 mutations.

2 conservative
13 non-conservative

2 before ZnF1
1 located in ZnF1
12 located in ZnF2

38 families reported

11 before ZnF1
4 |ocated in ZnF1
2 located in ZnF2

17 families reported

3 before ZnF1
2 located in ZnF1

7 families reported

1 before ZnF1
1 overlaps ZnF1 and ZnF2
4 located in ZnF2

7 families reported

1 deletion of 28 bp
1 single nucleotide
variant

5 families reported

4 families reported

Type of In-frame Complete
GATA2 Missense Frameshift Non-sense insertion In-frame deletion Intronic mutation deletion of Total
mutation GATA2 locus

Somatic 33 2 - 2 1 - - 38
8 conservative
25 non-conservative
2 before ZnF1 1 before ZnF1 1in ZnF1 | In ZnF1
21 located in ZnF1 1inZnF2 1in ZnF2
10 located in ZnF2

Germline 15 17 5 - 6 2 4 50
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Germline mutations of GATA2

GATAZ2 has been recently added to the list of germline mutations that predispose
to MDS and AML, together with TERT, TERC, RUNX1 and CEBPA, other genes
that code for transcription factors with important roles in hematopoiesis (Holme et
al., 2012). Germline GATA2 mutations have been associated with a quartet of
diseases, termed Monocytopenia and Mycobacterium Avium Complex
(MonoMAC) infection (Hsu et al., 2011), Dendritic Cell, Monocyte, B and NK
Lymphoid (DCML) deficiency (Bigley et al., 2011, Dickinson et al., 2011),
Emberger syndrome (primary lymphedema with MDS) (Ostengaard et al., 2011)
and Familial MDS/AML (Hahn et al., 2011). Although the Emberger syndrome
was identified in 1979, it was not until recent years that germline mutations of
GATA2 were identified as its cause. Similarly, historical reports of familial
MDS/AML are now known to be caused by mutations in GATA2 (Kaur et al.,
1972, Robinson et al., 1983, Horwitz et al., 1996). Moreover, these diseases are
recognized now as facets of a single genetic disorder (GATAZ2 mutation) that may
manifest heterogeneously even within a single pedigree (Ishida et al., 2012,
Mutsaers et al., 2013).

To date, 50 different germline GATA2 mutations have been reported, with more
than 70 families affected (Table 3, Table 4, and Figure 8). The most common
mutations include missense mutations, with 38 families reported, affecting
particularly the ZnF2 domain. The second common type corresponds to
frameshift mutations, which give rise to truncated proteins due to an early stop of
protein translation, usually before ZnF2. Other mutation types include non-sense
mutations, in-frame insertions or deletions, complete deletions of the GATA2
locus (including neighboring genes), and mutations in regulatory regions.
Notably, mutations in regulatory regions affect an intronic region between exons
6 and 7, homologous to the +9.5 enhancer element described above in the
murine Gata2 gene. Two mutations were described in that enhancer, including a
28 bp deletion that encompassed the E-box element, and a C>T transition, which
disrupted an ETS factor binding element. Both altered elements flank a WGATAR
sequence in the non-mutated genome, and are 7 bp and 20 bp far from the
GATA binding site, respectively. The discovery of mutations in regulatory regions
has suggested GATAZ haploinsufficiency as the basis of syndromes caused by
GATAZ2 mutations (Johnson et al., 2012, Hsu et al., 2013).
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Table 4: List of reported germline GATA2 mutations and associated syndromes.

Mutation (DNA)* Affected exon | Mutation (protein) Mutation type Affected ZnF | Reference Cases/families | Associated syndrome
Vinh et al., 2010, Hsu et al., 2011,
c.1-200_871+527del2033 4,5 p-Met1_Ser290del In-frame deletion None Kazenwadel et al., 2012, Hsu et al., 2/1 MonoMAC
2013
¢.121C>G 4 p.Pro41Ala Missense (NC) None Holme et al., 2012 3/1 Familial MDS/AML
¢.230-1_230insC 5 p.Arg78ProfsX107 Frameshift Not translated | Ostengaard et al., 2011 3/1 Emberger syndrome
Vinh et al., 2010, Cuellar-Rodriguez et
€.243_244delAinsGC 5 p.Gly81GlyfsX103 Frameshift Not translated | al., 2011, Hsu et al., 2011, Hsu et al., 7 MonoMAC
2013
¢.257_258delGC 5 p.Arg86ProfsX98 Frameshift Not translated | Dickinson et al., 2014 11 GATA2 deficiency
¢.302delG 5 p.Gly101AlafsX16 Frameshift Not translated | Hsu et al., 2013 171 MonoMAC
] . Holme et al., 2012 2/1 Familial MDS/AML
¢.310_311insCC 5 p.Leu105ProfsX15 Frameshift Not translated
- Ostengaard et al., 2011 5/1 Emberger syndrome
¢.318_319insT 5 p.Ala106CysfsX78 Frameshift Not translated | Dickinson et al., 2014 2/1 GATA2 deficiency
¢.579_580insA 5 p.Ala194SerfsX8 Frameshift Not translated | Ostengaard et al., 2011 1/1 Emberger syndrome
¢.586_593dup 5 p.Gly199LeufsX20 Frameshift Not translated | Hsu et al., 2013 11 MonoMAC
c.594delG 5 p.Gly200ValfsX19 Frameshift Not translated | Dickinson et al., 2014 3/1 GATA2 deficiency
¢.599_600insG 5 p.Ser201X Nonsense Not translated 2D(|)c1k41nson etal., 2011, Dickinson et al., 2/1 DCML
c.610C>T 5 p.Arg204X Nonsense Not translated | Pasquet et al., 2013 17 MonoMAC
c.670G>T 5 p.Glu224X Nonsense Not translated | Pasquet et al., 2013 11 MonoMAC
¢.735_736insC 5 p.lle246HisfsX36 Frameshift Not translated | Dickinson et al., 2014 11 GATA2 deficiency
c.751C>T 5 p.Pro254Leu Missense (NC) None Hsu et al., 2011, Hsu et al., 2013 171 MonoMAC
. Cuellar-Rodriguez et al., 2011, Hsu et
€.769_778dup 5 p.Tyr260CysfsX24 Frameshift Not translated al., 2011, Hsu et al., 2013 7 MonoMAC
€.941_951dup 6 p.Asn317fsX11 Frameshift 1 Hsu et al., 2011, Hsu et al., 2013 171 MonoMAC
Pasquet et al., 2013 4/1 MonoMAC
c.988C>T 6 p.Arg330X Nonsense 1 - —
Spinner et al., 2014 2/1 GATA2 deficiency
€.992_993insGACC 6 p.Leu332ThrfsX53 Frameshift 1 Kazenwadel et al., 2012 7 MonoMAC/DCML
Ostengaard et al., 2011 11 Emberger syndrome
¢.1009C>T 6 p.Arg337X Nonsense 1 Hsu et al., 2013, Spinner et al, 2014 n MonoMAC
c.1017+512del28 None None Intron 5 deletion None Vinh et al., 2010, Johnson et al., 2012, 3N MonoMAC
Hsu et al., 2013
c.1017+572C>T None None Intron 5 SNV None Hsu et al., 2013, Dickinson et al., 2014 10/4 MonoMAC
Hsu et al., 2011 171 MonoMAC
c.1018-1G>T 7a p.Thr340_Thr381del In-frame deletion 1,2 —
Dickinson et al., 2011 11 DCML
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Table 4 (cont.)

Mutation (DNA)*

Affected exon

Mutation (protein)

Mutation type

Affected ZnF

Reference

Cases/families

Associated syndrome

) Ostengaard et al., 2011 17 Emberger syndrome
¢.1018-3_1031del17 7a p.Ala341ArgfsX38 Frameshift 1 Dickinson et al., 2014 n GATA2 deficiency
¢.1019_1022delCGGC 7a p.Ala341ProfsX45 Frameshift 1 Ostengaard et al., 2011 1/1 Emberger syndrome
c.1024G>A 7a p.Ala342Thr Missense (NC) 1 Shiba et al., 2013 3/1 Pediatric de novo AML-MO

Vinh et al., 2010, Cuellar-Rodriguez et

al., 2011, Hsu et al., 2011, Hsu et al,, 5/3 MonoMAC

2013, Mace et al., 2013

Kazenwadel et al., 2012 3/1 MonoMAC/DCML
¢.1061C>T 7a p.Thr354Met Missense (C) 2 Hahn et al,, 2011 18/3 Familial MDS/AML

Holme et al., 2012 4/1 Familial MDS/AML

Dickinson et al., 2011 17 DCML

Bodor et al., 2012 6/1 GATA2 deficiency

Dickinson et al., 2014 5/1 GATAZ2 deficiency
¢.1063_1065delACA 7a p.Thr355del In-frame deletion 2 Hahn et al., 2011 2/1 Familial MDS/AML

. Hsu et al., 2013, Spinner et al., 2014 1M MonoMAC

c1081C>T 7a p-Arg381Cys Missense (NC) 2 Dickinson et al., 2014 17 GATA2 deficiency
c.1082G>C 7a p.Arg361Leu Missense (NC) 2 Ostengaard et al., 2011 17 Emberger syndrome
€.1083_1094del12 7a p.Arg362_Asn365del In-frame deletion 2 Hsu et al., 2011, Vinh et al., 2010 7 MonoMAC
¢.1099_1100insG 7a p.Asp367GlyfsX15 Frameshift 2 Spinner et al., 2014 2/1 GATA2 deficiency
¢.1103_1104insG 7a p.Val369CysfsX13 Frameshift 2 Hsu et al., 2013 17 MonoMAC
c.1113C>G 7a p.Asn371Lys Missense(NC) 2 Hsu et al., 2011, Vinh et al., 2010 7 MonoMAC
c.1114G>A 7a p.Ala372Thr Missense (NC) 2 Dickinson et al., 2014 171 GATA2 deficiency
c.1116_1130del15 7a p.Cys373del5 In-frame deletion 2 Spinner et al., 2014 3/1 GATA2 deficiency
c.11177>C 7a p.Cys373Arg Missense (NC) 2 Ostengaard et al., 2011 7 Emberger syndrome
c1162A>G 8 p.Met388Val Missense (NC) 2 Hazenwadel et al, 2012, Fou et al, 2/1 MonoMAC/DCML
c.1163T>C 8 p.Met388Thr Missense (C) 2 Hsu et al., 2013, Spinner et al., 2014 3/1 MonoMAC
c.1168_1170delAAG 8 p.Lys390del In-frame deletion 2 Dickinson et al., 2014 7 GATA2 deficiency
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Table 4 (cont.)
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Mutation (DNA)*

Affected exon

Mutation (protein)

Mutation type

Affected ZnF

Reference

Cases/families

Associated syndrome

Vinh et al., 2010, Hsu et al., 2011, Hsu

21

MonoMAC

c.1186C>T 8 p.Arg396Trp Missense (NC) 2 etal., 2013, Spinner et al., 2014
Camargo et al., 2012 17 MonoMAC
Cuellar-Rodriguez et al., 2011, Hsu et 1 MonoMAC
al.,, 2011,
Hsu et al., 2013, Spinner et al., 2014 6/2 MonoMAC
c.1187G>A 8 p-Arg396Gin Missense (NC) 2 Ishida et al., 2012 11 MonoMAC/Emberger syndrome
Holme et al., 2012 3/1 Familial MDS/AML
Pasquet et al., 2013 4/1 MonoMAC
Vinh et al., 2010, Cuellar-Rodriguez et
al., 2011, Hsu et al., 2011, Hsu et al., 6/5 MonoMAC
c.1192C>T 8 p.Arg398Trp Missense (NC) 2 2013
2D(|)c1k41nson et al., 2011, Dickinson et al., 42 DCML
c.1193G>A 8 p.Arg398GIn Missense (NC) 2 Dickinson et al., 2014 5/1 GATA2 deficiency
Pasquet et al., 2013 1M MonoMAC
' ) . 7 MonoMAC/DCML
Complete deletion® All Complete deletion Complete deletion | Not translated Kazenwadel et al., 2012 n MonoMAC/DCML
17 MonoMAC/DCML

C indicates conserved amino acid type in missense mutation; NC non-conserved amino acid type; MonoMAC, monocytopenia and mycobacterial infection syndrome; DCML,
dendritic cell, monocyte, B and NK lymphoid deficiency; SNV, single nucleotide variant.

*The RefSeq sequence used as reference was NM_032638.4.

tAlthough deletions are different in each case, all include a heterozygous deletion of the entire GATA2 locus.
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Few functional analyses of germline GATA2 mutations have been performed to
date. The most notable study reported that two mutations affecting the ZnF2
domain of GATA2, p.Thr354Met and p.Thr355del, had their DNA binding ability
moderately and severely decreased, respectively. Moreover, the transactivating
abilities of these mutations were impaired, they were unable to activate GATAZ2-
responsive enhancer elements, and the interaction with SPI1 was hampered.
Finally, p.Thr354Met increased HL60 AML cell line proliferation, decreased
apoptosis, and blocked the differentiation response upon treatment with ATRA,
which promotes granulocytic differentiation. On the other hand, p.Thr355del had
an effect comparable to an empty vector, and appeared to be a null mutant under
the same conditions (Hahn et al., 2011). Despite the effects of p.Thr354Met in
altering cell behavior in certain conditions, the general consensus is that these

mutations act as loss-of-function mutations.

Until recently, there has been a lack of comprehensive studies of large series of
patients diagnosed with germline GATA2 mutations. Two studies have analyzed
series of 57 (Spinner et al., 2014) and 30 patients (Dickinson et al., 2014), and
both reported that these syndromes show an incomplete penetrance of
symptoms, which leads to a different diagnosis. It is possible to subdivide the
symptoms in four groups: those affecting hematopoiesis, infections derived of the
altered hematopoietic compartment, symptoms affecting other parts of the body,

and propensity to develop myeloid malignancy.

Patients with GATAZ2 mutation can remain healthy for the first decades of life.
However, as they age, the chance of symptoms increases (Table 2). After the
onset of the syndrome at any age, the 5-year survival rate reaches 91%, 10-year
survival 84%, and 20-year survival 67% (Spinner et al., 2014). On the other hand,
frameshift mutations favor an earlier onset age (18 years old), compared to

missense mutations, (26 years old) (Dickinson et al., 2014).

Table 5: Evolution of patients with GATA2 mutation (adapted from Spinner et al.,
2014).

Age Patients without Overall survival Survival without
symptoms HSCTt
20 50% 96% 89%
30 25% ND* 76%
40 16% 77% 53%
60 ND 45% ND
*ND: no data

THSCT: hematopoietic stem cell transplantation
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GATAZ2 mutated patients can show an altered leukocyte profile, starting with a
mild leukopenia in peripheral blood. Analysis of bone marrow shows
hypocellularity compatible with diagnosis as aplastic anemia. However, when
focusing on different leukocyte compartments, a pattern with more specific
alterations appears (Figure 9). A study revealed circulating monocytopenia,
dendritic cell cytopenia, and B and NK lymphocytopenia (DCML deficiency)
(Dickinson et al., 2014). Analysis of 55 patients detected B lymphocytopenia in
86%, NK lymphocytopenia in 82%, and monocytopenia in 78% of cases, being
the last two particularly severe. Moreover, CD4" lymphocytopenia and
neutropenia were identified in 51% and 47% of patients, respectively, but this
decrease in cell numbers was generally less marked than in the previous four cell
compartments. The lower number of CD4" cells reduced the CD4"/CD8" ratio in
the T lymphocyte compartment. The decrease in NK, B and CD4" T lymphocyte
number has been associated with a decreased expansion of multi-lymphoid and
granulocyte-macrophage progenitors, with cell profile skewed towards a more
mature phenotype (Mace et al., 2013, Spinner et al., 2014, Dickinson et al.,
2014). On the other hand, macrophages in the lungs appear at normal levels, but
their function could be compromised (Spinner et al., 2014, Dickinson et al.,
2014). In the bone marrow, atypical megakaryocytes were detected in 92% of
cases, and large granular lymphocyte (LGL) population expansion in 16%
(Spinner et al., 2014).
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Figure 9: Summary of GATA2 deficiency symptoms: Patients with GATA2 deficiency
show a wide variety of symptoms affecting bone marrow and blood, lymphatic and
venous vessels, lungs and skin among others. Moreover, they are prone to suffer
recurrent infections and develop myeloid malignancies. Percentages shown here
correspond to the studies performed by Dickinson et al. and Spinner et al. in 2013, which
analyzed a total of 30 and 57 patients, respectively.

Spinner et al. reported that 82% of patients were prone to suffer recurrent, severe
and disseminated infections by a reduced number of pathogens: 70% of the
patients have viral infections, including Human Papillomavirus (HPV) (63%) and
herpes virus (63%), with a persistent Epstein-Barr viremia (EBV) in 11%, and
disseminated Cytomegalovirus (CMV) infection in 4% of patients. Among
bacterial infections, 53% are disseminated infections of non-tuberculous
mycobacteria (NTM), while non-specific bacterial infections account for 49%.
Finally, 16% of patients have suffered from invasive fungal infections. Most
infection rates remain low until the third or fourth decade, but these infections can
be life-threatening in some cases. Susceptibility to viral infections could be
related to the loss of NK cells, which are critical for anti-viral immunity. Similarly,
the dysfunction in monocytes/macrophages may predispose to infection by non-
tuberculous mycobacteria, which are intramacrophagic pathogens (Spinner et al.,
2014, Dickinson et al., 2014).

In addition to the symptoms presented above, patients can show other
complications. Several accessory symptoms were related to the propensity of
patients to develop severe infections. The study of pulmonary performance in 38
patients revealed diffusion (79%) and ventilatory (63%) defects, pulmonary

obstruction (39%) and restriction (11%). More severe conditions such as

37



Introduction

pulmonary alveolar proteinosis (PAP) or pulmonary arterial hypertension (PAH)
were present in 18% and 9% of cases, respectively. Recurrent warts (53%) and
skin cancer (11%) were also indicators of underlying infections. 35% presented
HPV-related dysplasia and EBV*® mesenchymal tumors were detected in two
patients. Accessory symptoms such as chronic lymphedema, which was
presented by 11% of patients, could involve unilateral or bilateral lower
extremities and genitalia (Spinner et al., 2014). The appearance of lymphedema
has been associated with the requirement of GATAZ in lymphatic valves, and null
(e.g. frameshift) mutations have been associated with its appearance, compared
to missense mutations (Kazenwadel et al., 2012). On the other hand, mild to
severe sensorineural hearing loss has been detected in 76% of patients (when
tests were adjusted to age), venous thromboses in 25% and idiopathic
hypothyroidism in 14% of patients. Finally, female patients suffered a higher rate
of miscarriages at 33%, compared to 15-20% suspected in the general
population (Spinner et al., 2014). Interestingly, it has been reported that Gata2 is
expressed in the uterine luminal and glandular epithelium pre-implantation,
spatio-temporally co-localizing with that of the progesterone receptor (Rubel et
al., 2012).

The most life-threatening condition that these patients can face is MDS, AML or
CMML, which they are prone to develop. According to studies, between the 50
and 84% of patients with any type of GATAZ2 mutations develop MDS (Figure 9).
The median age of MDS presentation is much lower at 20 years old, compared to
65 years old of sporadic MDS. Furthermore, typical MDS displays a hypercellular
bone marrow, while MDS in GATA2-mutated patients shows a hypocellular bone
marrow. 48% of MDS show abnormal cytogenetics, trisomy of chromosome 8 is
present in 24% of cases, and monosomy of chromosome 7 is present in 16% of
cases. Fourteen percent and 8% of patients develop AML or CMML, respectively,
with or without a previous MDS event (Spinner et al., 2014, Dickinson et al.,
2014). Mutations in ASXL1 have been associated with the transformation of MDS
to AML, and particularly to CMML. In a study of 48 patients, 29% presented
heterozygous mutations in the exon 13 of ASXL1 in ten different GATA2 mutation
backgrounds, suggesting it as an important second hit in myeloid transformation.
Furthermore, the presence of ASXL1 mutations predicts a rapid progression and
poor OS in sporadic MDS/AML, and the same happened in patients with GATA2
mutation (West et al., 2013).
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It has been proposed FLT3L as a disease progression marker, since it was the
only serum marker elevated among 118 screened in GATA2 mutation. As the
disease progresses, levels of FLT3L in serum gradually increase, suggesting
hematopoietic stress. The loss of specific progenitors and the fact that female
patients presented hematopoietic clonality supports this suggestion. Moreover,
the severity of symptoms was correlated with FLT3L levels. As MDS arises,
levels of FLT3L decrease, possibly due to expansion of cellularity and ligand

consumption (Dickinson et al., 2014).

Finally, it has been shown the usefulness of hematopoietic stem cell
transplantation (HSCT) in patients who have suffered life-threatening infections
or have developed MDS or malignancy (Cuellar-Rodriguez et al., 2012). Although
patients who underwent a HSCT improved their response against infections and
consequently lung affections decreased, long term survival supposes a
challenge: 72%, 65% and 54% survive one, two and four years, respectively
(Dickinson et al., 2014).

In summary, germline GATAZ2 mutations include loss-of-function mutations, being
the missense in the ZnF2 and frameshift before the ZnF2 the most common
(Table 5). Individuals affected with this condition experience hematopoietic stress
through cell extrinsic and intrinsic mechanisms that gradually drain progenitor cell
compartment. This provokes the loss of monocytes, dendritic cells, NK and B
lymphocytes, making patients prone to suffer viral, bacterial and/or fungal
infections and its complications. Moreover, they show a higher frequency of
developing early MDS, AML or CMML.
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Hypothesis and objectives

HYPOTHESIS

The GATA2 transcription factor has an essential role in the proliferation and
differentiation of hematopoietic cells. GATA2 contributes to myeloid malignancies
through various mechanisms. Overexpression of GATAZ is a recurrent event in acute
myeloid leukemia (AML), with a poor prognostic impact in both adult and pediatric cases.
Moreover, recent studies have found somatic GATA2 mutations in chronic myeloid
leukemia in blast crisis and in AML with a biallelic CEBPA mutation status. Finally,
germline GATAZ2 mutations have been recently associated with four related familial
syndromes that predispose to myeloid malignancies, including AML: familial
myelodysplastic syndrome/acute myeloid leukemia, monocytopenia and mycobacterial
infection (MonoMAC) syndrome, dendritic cell, monocyte, B and NK lymphoid deficiency

(DCML) syndrome, and Emberger syndrome.

We hypothesize that deregulation of either GATAZ2 expression or GATA2 aberrant
function caused by mutations could alter key downstream target genes, contributing to
the pathogenesis of the aforementioned disorders. Thus, our general aim was to identify
and functionally characterize novel target genes of the GATAZ2 transcription factor in
AML, and to assess the effect of the GATA2 mutations in the transcription of known
target genes of GATA2.
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Hypothesis and objectives

OBJECTIVES
1. To identify novel target genes of the GATAZ2 transcription factor in human acute
myeloid leukemia.

1.1. To knock-down GATAZ2 expression by siRNA in acute myeloid leukemia cell lines,

and to quantify the resulting expression of selected candidate genes.

1.2. To determine whether GATAZ2 regulates the expression of the selected candidate
genes at the transcriptional level by chromatin immunoprecipitation and luciferase

reporter assays.

1.3. To functionally analyze the role of these target genes of GATAZ2 in acute myeloid
leukemia cells, by studying their effects in proliferation, apoptosis, cell cycle, and
differentiation.

2. To analyze the role of the human GATAZ transcription factor in its own transcription.

2.1. To identify homologous GATAZ2 binding sites between human and murine GATA2

promoters using bioinformatic tools.

2.2. To determine whether the human GATAZ2 protein regulates its own expression at
transcriptional level by chromatin immunoprecipitation and luciferase reporter assays.

3. To assess the effect of the GATA2 mutations in the transcription of its target genes.
3.1. To analyze the effect of the p.Thr354Met, p.Thr355del, and p.Arg396GIn mutations
in the promoter of the GATAZ2 gene by luciferase reporter assays.

4. To functionally analyze the p.Arg396GIn GATA2 mutation of a patient with MonoMAC
syndrome.

4.1. To quantify the mRNA expression of genes related to GATA2, in a patient with
MonoMAC syndrome with the p.Arg396GIn mutation.

4.2. To perform an in silico analysis of p.Arg396GIn functionality using bioinformatic tools.

4.3. To transduce the HL60 cell line with mutated GATA2 and to assess cell
differentiation upon ATRA or TPA treatment.

4.4. To transduce murine hematopoietic stem and progenitor cells with p.Arg396GIn
GATA2 mutant and to determine the clonogenic ability, differentiation profile and gene

expression of transduced murine cells.
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DISCUSSION






Myeloid malignancies are clonal diseases that arise from genetic and epigenetic

alterations that perturb critical processes in hematopoiesis, such as self-renewal,
proliferation and differentiation. They include chronic stages, namely
myelodysplastic syndromes (MDS), myeloproliferative neoplasms including chronic
myeloid leukemia (CML), and chronic myelomonocytic leukemia (CMML), or an
acute stage, acute myeloid leukemia (AML). AML can occur de novo (approximately

80% of the cases) or follow a chronic stage (secondary AML) (Murati et al., 2012).

GATA2 can contribute through different mechanisms to several of the myeloid
malignancies mentioned above. First, overexpression of GATAZ2 is a recurrent event
in AML and is associated with poor prognosis in this disease (Vicente et al., 2012,
Luesink et al., 2012). Second, somatic GATA2 mutations have been detected in
chronic myeloid leukemia in blast crisis (CML-BC) (Zhang et al., 2008), and in
biCEBPA mutated AML (Greif et al., 2012, Fasan et al., 2012, etc.). Third, GATA2
can suffer germline mutations, and this is associated with a predisposition to
develop early MDS, CMML and de novo or secondary AML (Hahn et al., 2011, Hsu
et al., 2011, Dickinson et al.,, 2011, Ostengaard et al., 2011, Hsu et al., 2013,
Dickinson et al., 2014, Spinner et al., 2014).

In an effort to further characterize the role of GATAZ2 as transcription factor in human
myeloid disorders, we sought for the identification of novel target genes of GATAZ2 in
acute myeloid leukemia, and to assess the effect of the GATA2 mutated proteins on
the transcription of other known target genes of GATA2, and on hematopoietic stem

and progenitor cells.

GATA2 activates the transcription of MYB in acute myeloid leukemia

The GATA2 and MYB genes have been reported to be deregulated in human
leukemias, including CML, AML and T-cell acute lymphoblastic leukemia (T-ALL)
(Manzotti et al., 2012, Vicente et al., 2012, Luesink et al., 2012, Hess et al., 2006,
Zuber et al., 2011, Clappier et al., 2007, Lahortiga et al., 2007). Moreover, two
studies have pointed to a relationship between these two transcription factors in the
CML-BC K562 cell line (Soliera et al., 2008, Lorenzo et al., 2012). Here we show for
the first time that the expression of both genes significantly correlate in a series of
AML patients, validate these results in two independent series of previously

published data of AML patients (Valk et al., 2004, Cancer Genome Atlas Research
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Network, 2013), and demonstrate that the GATAZ2 transcription factor activate the

transcription of the MYB oncogene in AML cells.

ChIP and luciferase reporter assays indicate that GATA2 drives the expression of
MYB through binding to two different regions in the MYB promoter. The -7534
binding site harbors two consecutive canonical WGATAR motifs, which is one of the
possible arrangements of GATA2 binding sites throughout the genome (Trayner et
al., 1998). The proximal region Il contains two functional GATAZ2 binding sites that
belong to a DNAse | hypersensitive region of the MYB locus (Dassé et al., 2012).
Interestingly, both sites have a GATG sequence. It has been described that the N-
terminal zinc-finger of GATA2 binds to GATC, GATT or GATG sequences.
Conversely, the C-terminal zinc-finger of GATA2 binds to WGATAR sequences
(Pedone et al., 1997). Thus, our results show that GATA2 likely activates MYB
transcription through distal and proximal promoter regions, probably using the

corresponding zinc-finger domain depending on the specific binding site.

GATA2 knockdown downregulated all MYB transcripts in HL60, and the 9B
transcript in F36P cells, suggesting that the regulation of this transcript could play a
specific role in this AML cell line. The MYB-9B transcript contains 121 additional
amino acids (between exon 9 and 10) within a MYB protein domain involved in
protein-protein interactions and negative regulation. Interestingly, it has been
reported that the resulting protein is more stable and more effective in
transactivating MYB-regulated promoters than the p75 isoform, suggesting that the
overall biological effects of MYB in BCR/ABL-transformed cells might be largely
exerted by this isoform (Manzotti et al., 2012). Our results indicate that MYB-9B
could also have a specific role in AML, pointing to the need of further functional

studies to elucidate the role of this isoform in AML.

Additionally, our functional studies indicate that AML cells are highly dependent on
MYB expression to sustain leukemogenic growth, and that GATA2 would contribute
to AML transformation activating the transcription of MYB. GATAZ2 knockdown
downregulated the expression of MYB at mRNA and protein levels in both F36P and
HL60 cells. However, the different baseline expression of MYB in these two cell
lines could explain that the functional effects differ to some extent: in fact, the
resulting MYB expression after GATA2 knockdown in HL60 was still comparable to
the baseline levels of MYB in F36P. On the other hand, it must be taken into
account that GATAZ2 is not the only MYB activating factor in these cell lines, as other
previously described mechanisms of MYB activation could cooperate (Zuber et al.,

2011, Dassé et al., 2012). Interestingly, GATA3 forms a protein complex along with
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TAL1 and RUNX1 to activate MYB in T-ALL (Sanda et al., 2012). Moreover, it has
been reported that GATA1, TAL1 and LBD1 containing complexes activate MYB in
erythroid progenitors (Stadhouders et al., 2012). These data suggest that GATA
factors could be actively regulating the expression of MYB in normal and malignant

hematopoiesis.

In summary, we report for the first time that the GATAZ2 transcription factor directly
binds to the MYB promoter region, activating its transcription. Interestingly, mRNA
expression levels of both genes displayed a positive correlation in three independent
cohorts of AML patients. Our functional studies suggest that AML cells are highly
dependent on MYB expression to sustain leukemogenic growth, and that GATA2
would contribute to AML transformation in part by maintaining high levels of MYB,
opening new directions to further understand the mechanisms of GATA2

overexpressing leukemias.

GATA2 missense and small in-frame deletion germline mutations impair

GATAZ2 transcription. Functional analysis of the p.Arg396GIn mutation

Heterozygous mutations in GATA2 have been identified as the cause of four
previously described clinical syndromes: monocytopenia and mycobacterium avium
complex infection (MonoMAC) syndrome; dendritic cell, monocyte, B and NK
lymphoid (DCML) deficiency; familial MDS and AML; and Emberger syndrome.
These syndromes are now recognized as different manifestations of a single genetic
disorder with protean disease manifestations (Spinner et al., 2014). However, there
is considerable clinical heterogeneity among patients with GATAZ2 deficiency, and
the molecular basis of these diseases remains undetermined. A recent study
suggested GATAZ haploinsufficiency as the basis of these syndromes, on account
of the finding that mutations in intronic regulatory regions of GATAZ2 decreased
GATAZ transcript levels (Hsu et al., 2013). Here we show that the human GATA2
protein activates its own transcription through a specific region located at -2.4 kb
from IS transcription start site, and that the p.Thr354Met, p.Thr355del, and
p.Arg396GIn germline mutations impair GATAZ2 promoter activation, confirming that

GATAZ haploinsufficiency would be the basis for these familial syndromes.

Initial efforts to characterize the GATA2 autoregulatory loop were performed in
murine models, and found that the regions located 2.8 and 1.8 kb upstream of the IS
TSS individually contributed to the transcription of Gata2 (Grass et al., 2003, Snow

et al., 2011). Our results indicate that human GATA2 activates its own promoter
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through the -2.4 kb region, homologous to the murine -1.8 region, with a main
activation role triggered by the -2409, and secondarily by the -2418 GATAZ2 binding
site. Moreover, we show that some of the most common GATA2 mutated proteins
impair this activation, which would cause GATA2 deficiency through a
haploinsufficiency mechanism. As indicated above, GATAZ2 haploinsufficiency
perturbs normal hematopoietic stem cell homeostasis in murine models (Rodrigues
et al., 2005); of note, a comprehensive examination of the clinical features of 57
patients with GATAZ2 deficiency found high prevalence of cytopenias and bone
marrow failure, supporting the notion that a similar defect exists in human GATA2
haploinsufficiency (Spinner et al.,, 2014), although it remains unclear why
monocytes, dendritic cells, B cells, and NK cells are preferentially depleted. The
finding that our patient with a p.Arg396GIn mutation showed a lower GATA2
expression compared to controls supports this hypothesis. These results would
match the previously reported phenotype in Gata2 haploinsufficient mice, which
presented 20% of the normal Gata2 levels in total marrow, and 50% in the
hematopoietic stem cell population, where Gata2 is predominantly expressed
(Rodrigues et al.,, 2005). Interestingly, our results also point out that GATAZ2
germline mutations could affect other GATAZ2 target genes, explaining in part the
clinical heterogeneity among patients with GATA2 deficiency (Spinner et al., 2014).
In fact, our results show that the expression of several genes related to GATAZ2 is
impaired. The finding that the expression of SPI/7 in our patient was about 17% of
normal levels could be of special interest. Thirteen out of the 15 cases reported with
the p.Arg396GIn mutation developed a myeloid malignancy, and mice carrying
hypomorphic Spi1 alleles that reduce Spi1 expression to 20% of normal levels
developed AML (Rosenbauer et al., 2004). Taken together, in addition to the
insufficient GATAZ2 expression, the putative dysregulation of specific GATAZ2 targets
caused by mutated proteins could also contribute to the disease, and symptoms
could differ from a pure haploinsufficiency phenotype. Along these lines, it has been
reported that frameshift mutations favor an earlier onset age, compared to missense
mutations (Dickinson et al., 2014). Therefore, further studies are needed to elucidate

the pathogenesis of GATAZ related syndromes.

In this study we have focused on the p.Arg396GIn mutation, for which no previous
functional analyses had been reported. This missense mutation was reported
previously in a total of 15 individuals, and there was a considerable variability in the
overall phenotype. The mechanisms that could alter hematopoietic homeostasis and

trigger the disease are unknown. Dickinson et al. suggested that disease evolution
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may be consistent with both cell intrinsic (progressive deterioration of the HSPC
compartment irrespective of environmental factors), and cell extrinsic
(immunocompromising events such as infections) mechanisms (Dickinson et al.,
2014). Our patient showed the first symptoms of the disease the same year she
became pregnant and had febrile preeclampsia. Whether pregnancy is an
immunocompromising condition is a matter of discussion (Griffiths et al., 2010). The
case presented resembles a typical manifestation of the disease, with recurrent
infections and altered leukocyte numbers beginning in early or mid-adulthood. To

date, she has not displayed chronic neutropenia or lymphedema.

Our bioinformatic approach indicates that the substitution of the arginine for
glutamine in the p.Arg396GIn mutation could impair binding to DNA. Several studies
propose that cationic regions of proteins that contain arginine or lysine mediate the
non-specific interaction between the protein and the negatively charged phosphate
group of DNA backbone (Grant et al., 2013). Accordingly, Arg396 would stabilize the
non-sequence-specific binding to DNA, mediating electrostatic interactions with the
phosphate group. Although p.Arg396GIn would not necessarily alter the specificity
for WGATAR sequences, it would probably affect the stability of GATA2 binding to
DNA, which could lead to a loss of function. Moreover, it is possible that the
interaction of GIn396 with neighboring residues (presumably GIn394 or Asn397 by
our models) could also alter protein-protein interactions, as has been shown for
p.Thr354Met and del355T (Hahn et al., 2011).

In vitro results in HLG0 cells show that p.Arg396GIn is not able to function as WT-
GATA2 does, which, in the context of these syndromes, could affect the
maintenance of the progenitor compartment. It has been reported that the
population of granulocyte/macrophage progenitor cells in GataZ” mice was
diminished (Rodrigues et al., 2008), suggesting that appropriate WT-GATA2
expression levels maintain the characteristics of the progenitor-cell stage. A similar
approach found that p.Thr354Met was able to inhibit differentiation, in the same way
that WT-GATAZ2 does, while p.Thr355del was unable to do so (Hahn et al., 2011),
indicating that each mutation exerts different activities. In this context, the activity of
p.Arg396GIn would be similar to p.Thr355del.

On the other hand, previous reports have shown that ectopically overexpressed
GATAZ is able to induce hematopoietic cell quiescence, reducing colony output
compared to cells with normal GATAZ2 expression levels (Tipping et al., 2009). Thus,
physiological GATAZ expression levels allow a healthy balance between quiescent

and cycling hematopoietic cell populations at stem and progenitor stages (Tipping et
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al., 2009). Our analysis in murine HSPCs suggests that, while the results with WT-
GATAZ2 are in accordance with the aforementioned report (which suggested that
WT-GATAZ2 induces quiescence in stem and progenitor cells), p.Arg396GIn would
be unable to stop immature cell division. Moreover, the increase in immature colony
proportion with WT-GATAZ2 and not with p.Arg396Gin further suggests that, while
WT-GATAZ retains the immature phenotype, p.Arg396Gin fails to do so. It has been
suggested that hyperstimulation of the stem cell pool that produces hematopoietic
progenitor cells with reduced expansion potential may lead to stem cell exhaustion
in MonoMAC and DCML syndromes (Migliaccio et al., 2011). Our results would
indicate that, in the context of these syndromes, p.Arg396GIn would force HSPCs to

divide and differentiate prematurely, which would gradually drain the stem cell pool.

In summary, we show that human wild-type GATAZ2 contributes to its own
transcription through a specific region located at -2.4 kb from IS TSS, and that
p.Thr354Met, p.Thr355del and p.Arg396GIn fail to do so. In accordance with this
finding, a patient with a p.Arg396GIn mutation and MonoMAC syndrome displayed
lower GATAZ2 expression than normal controls. Moreover, we show that
p.Arg396GIn is a loss-of-function mutation, possibly triggered by a defective DNA
binding, which as a consequence is unable to retain the progenitor phenotype in
cells where it is expressed. This effect would cause HSPC pool damage, triggering
cytopenias that would increase the risk of severe infections in patients with these

diseases.
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Conclusions

1. The GATAZ2 transcription factor directly binds and activates MYB expression in
acute myeloid leukemia through two specific regions of the promoter: one distal,
located at -7534 bp, and one proximal, located -669 and -612 bp. In fact, MYB
expression is positively correlated with the expression of GATAZ2 in three
independent cohorts of patients with acute myeloid leukemia. Functional studies
indicate that acute myeloid leukemia cells are highly dependent on MYB expression
to sustain leukemogenic growth, suggesting that GATA2 contributes in part to acute

myeloid leukemia transformation by maintaining high expression levels of MYB.

2. The human wild type GATAZ2 protein contributes to its own transcription through a
specific region located at -2.4 kb from IS transcription start site, with a main
activation role triggered by the -2409, and the -2418 GATAZ2 binding sites.

3. GATAZ2 missense or small in-frame deletion germline mutations in GATAZ related
syndromes code for mutated proteins that exert altered abilities as transcription
factors, with a different mechanism depending on the GATA2 mutation and the
target gene. p.Thr354Met, p.Thr355del and p.Arg396GIn are unable to activate the
GATAZ2 promoter, causing a haploinsufficiency that may be responsible for GATA2

deficit in individuals with those mutations.

4. In silico analyses indicate that p.Arg396GIn mutation is a disease-causing
mutation, and may have an impaired ability to stabilize DNA binding by loss of

electrostatic interaction with phosphate groups of DNA backbone.

5. In vitro functional approaches in the acute myeloid leukemia cell line HL60, and in
murine hematopoietic stem and progenitor cells indicate that p.Arg396GIn is a loss-
of-function mutation that is unable to retain the immature phenotype of
hematopoietic progenitor cells. Moreover, the decrease in CFU-GEMM and increase
in CFU-G obtained by the ectopic expression of p.Arg396GIn in murine
hematopoietic stem and progenitor cells indicates that p.Arg396GIn might contribute

to alter the leukocyte profile in affected individuals.
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