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Abstract

Unremitting blood cell production throughout the lifetime of an organism is reliant on
hematopoietic stem cells (HSCs). A rare and relatively quiescent cell type harbored in adult bone
marrow, HSCs are, on entry into cell cycle fated to self-renew, undergo apoptosis or differentiate
to progenitors (HPCs) that eventually yield specific classes of blood cells. Disruption of these
HSC cell fate decisions is considered to be fundamental to the development of leukemia. Much
effort has therefore been placed on understanding the molecular pathways that regulate HSC cell
fate decisions and how these processes are undermined during leukemia. Transcription factors
have emerged as critical regulators in this respect. Here we review the participation of zinc finger
transcription factor GATA-2 in regulating normal hematopoietic stem and progenitor cell
functionality, myelodysplasia and myeloid leukemia.
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Introduction

The GATA family of six zinc finger transcription factors modulates cell fate in multiple
tissue systems through recognition of a six-nucleotide motif T/AGATAG/A consensus in
target genes (Orkin, 2000). The first three members, GATA-1, 2 and 3, are predominantly
expressed within the hematopoietic system and gene targeting experiments have revealed
their salience to specific stages of hematopoiesis (Orkin, 2000). GATA-1 and 3 are lineage
specific transcription factors, with the former affecting erythroid cells, megakaryocytes and
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eosinophils and the latter T-cells (Orkin, 2000). In stark contrast, GATA-2 is predominantly
expressed within adult and developing hematopoietic stem cells (HSCs), myeloid
progenitors and mast cells (Orlic et al., 1995; Rodrigues et al., 2008; Rodrigues et al., 2005;
Tsai et al., 1994; Tsai and Orkin, 1997). Intimately linked to this expression pattern,
GATA-2 is widely regarded as a pivotal regulator of HSCs and their progeny, hematopoietic
progenitor cells (HPCs) (Ling et al., 2004; Rodrigues et al., 2008; Rodrigues et al., 2005;
Tipping et al., 2009; Tsai et al., 1994).

Gene structure, expression, activation and turnover

The murine GATA-2 gene spans approximately 8.5 kb, is located on chromosome 6 and
produces two mRNA transcripts (Figure 1A). The human GATA-2gene, which is
approximately 14 kb, is located on chromosome 3 and produces three mMRNA transcripts
(Figure 1B). In both species, transcription of GATA-2mRNAs commences from two
distinct first exons, both of which encode untranslated regions, while the remaining five
exons are shared by the two mRNAs transcripts (Minegishi et al., 1998; Pan et al., 2000)
(Figure 1). The distal first exon of GATA-2 (IS exon), has specificity targeted to
hematopoietic and neuronal lineages and the more downstream distal first exon (IG exon) is
utilized by all tissues in which GATA-2 is expressed (Minegishi et al., 1998; Pan et al.,
2000) (Figure 1).

Mouse GATA-2gene expression is regulated by specific cis-acting elements that direct
expression to HSCs/HPCs and repress expression during differentiation to erythroid cells, as
GATA-1 expression concomitantly increases; for example, a 2.8kb site upstream of
GATA-Ztranscription initiation specifically confers expression in HSCs/HPCs while an
upstream 1.8kb site represses expression during erythroid differentiation /n vivo (Snow et
al., 2010; Snow et al., 2011). These cis-regulatory components often contain GATA binding
sites; thus GATA-2gene expression is regulated by both itself and by GATA-1 (Snow et al.,
2010; Snow et al., 2011).

Human and mouse GATA-Zgenes generate proteins of between 466—-480 amino acids
(49.1kDa and 50.5kDa respectively) and contain two zinc finger DNA binding domains
(Figure 2). The function of the various protein domains of GATA-2 remain poorly
understood. However, it is known that the function of GATA-2 in modulating hematopoietic
cell fate depends critically on the two conserved zinc fingers (the N-finger and C-finger) and
their flanking sequences, including two transactivation domains, a nuclear localization
signal and a negative regulatory element (Minegishi et al., 2003; Tong et al., 2005) (Figure
2).

Post-translational modifications (PTMs), including phosphorylation, acetylation,
sumoylation and ubiquitination, are of considerable importance in the regulation of normal
and leukemic hematopoiesis (De Felice et al., 2005; Rodriguez et al., 2011; Zhu et al.,
2005). Accordingly, these PTMs are necessary for normal function, activation and turnover
of GATA-2 (Chun et al., 2003; Hayakawa et al., 2004; Minegishi et al., 2005; Towatari et
al., 1995) (Figure 2). Disruption of the mechanisms regulating PTMs of GATA-2 may
therefore have ramifications not only for the function of GATA-2 in HSCs and HPCs, but
also for leukemic disease.

Biological function
GATA-2 function in HSCs and HPCs

The role of GATA-2 in HSCs, the common origin of all blood lineages, has been dissected
extensively using both loss of function and gain of function approaches. Mice engineered to
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be deficient in GATA-2 (GATA-27") succumb during gestation at embryonic day 10 to 11
(day e10-11) with defects in primitive hematopoiesis that culminate in severe anemia (Tsai
etal., 1994). GATA-2 null/wild-type chimeric mice generated to establish the function of
GATA-2 in definitive hematopoiesis show an absence of both GATA-27~ myeloid cell
output and GATA-27~ lymphoid cells (Tsai et al., 1994). /n vitro culture and analysis of
GATA-27~ embryonic stem (ES) cells and yolk-sac cells derived E9.5 null embryos reveal
widespread defects in definitive hematopoiesis, including decreased responsiveness to stem-
cell factor (SCF) and reduced cell survival (Tsai et al., 1994; Tsai and Orkin, 1997). Taken
together, these findings point to a central function for GATA-2 in maintaining the
proliferation and survival of developing HSCs. Formal demonstration of GATA-2’s function
within the developing HSC compartment has been gleaned from studies with GATA-2*/~
embryos. GATA-2"~ embryos exhibit profound defects in the generation, self-renewal and
expansion of stem cells at the first intra-embryonic site of HSC cell generation, the aorta-
gonad-mesonephros (AGM) region (Ling et al., 2004). Other key anatomical locations of
HSC development in GATA-2/~ embryos, the yolk-sac and fetal liver, are also
detrimentally affected in their functionality. GATA-2 regulates HSC activity during
ontogeny through interaction with hematopoietic transcription factor Runx1;
GATA-2"~:Runx-1""~ compound embryos succumb at midgestation due to severe
hematopoietic defects (Wilson et al., 2010). Acting as a component of a multiprotein
complex with Fli-1 and EIf-1, GATA-2 also activates expression of the key hematopoietic
transcription factor SCL in developing HSCs, endothelial cells and the hemangioblast
(Gottgens et al., 2002). GATA-2*/~ mice have also provided a tractable model by which to
assess the broad impact of GATA-2 on adult hematopoiesis and adult HSCs.

GATA-2"~ adult marrow have a reduced number of functional HSCs which is
mechanistically associated with increased HSC apoptosis and cellular quiescence, but not
the relative ability of HSCs to form progenitors or to self-renew (Rodrigues et al., 2005). In
addition, committed HPCs of the granulocyte-macrophage progenitor (GMP) lineage from
GATA-2"~ mice are attenuated in number and less able to perform in functional assays
while other committed HPCs, such as common myeloid progenitors (CMPs) and lymphoid
progenitors, are unaffected by GATA-2 deficiency (Rodrigues et al., 2008). Furthermore,
the action of GATA-2 in the GMP compartment is partly mediated through the Notch-1
target gene, HES-1. This data is broadly congruous to previous studies indicating regulation
of myelopoiesis through the Notch-1-GATA-2 signaling axis (Kumano et al., 2001).
Predicated on these observations, it is postulated that GATA-2 is required at differentiation
stage—specific levels of the hematopoietic hierarchy, acting separately at the HSC and GMP
level. The basis for this differential behavior has yet to be identified but is likely to reflect
divergent GATA-2 partner protein environments and target gene programs between these
two cellular compartments.

Enforced expression experiments have also been used to address the impact of GATA-2 in
adult HSCs. Enforcing a 2-fold increase in GATA-2 level in murine HSCs is sufficient to
reduce their number by 40-fold and cause their failure to differentiate appropriately
following transplantation (Persons et al., 1999). Differentiation specific effects are also
observed in mouse hematopoietic progenitor cell lines in which GATA-2 was enforced
through an estrogen inducible GATA-2/ER moiety (Heyworth et al., 1999). Enforced
expression of GATA-2 in human HSCs from cord blood similarly causes a level dependent
block in hematopoietic reconstitution after transplantation (Tipping et al., 2009). High levels
of GATA-2 in the setting of enforced expression constrains HSC proliferation and imposes
cellular quiescence in cord blood HSCs via modulation of genes involved in regulating HSC
proliferation, such as MEFand HES-1, and also integral components of the cell cycle
machinery including CCND3, CDK4 and CDKE6.
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GATA-2 regulation of quiescent and apoptotic HSC fates

Thus, both loss and gain of function experiments demonstrate that GATA-2 level regulates
adult HSC quiescence. However, it was largely unexpected that GA TA-2/~ mice would
have a larger proportion of quiescent HSC for two reasons. Firstly, the relatively high
expression of GATA-2 within mammalian bone marrow has been conjectured to maintain
the innate quiescence observed in HSCs (Persons et al., 1999). Secondly, as alluded to
above, enforced expression experiments in HSCs show that raising GATA-2 level by 2-fold
causes failure of HSC proliferation (Heyworth et al., 1999; Persons et al., 1999; Tipping et
al., 2009). Using Occam’s razor, one would therefore predict that lowering GATA-2 by the
same factor would in fact abate HSC quiescence. Yet the HSC compartment of GATA-2"/~
marrow is less proliferative, indicating that cell cycling is exquisitely sensitive to the level of
GATA-2 in either direction (Rodrigues et al., 2005; Tipping et al., 2009). It is unclear
whether lower or higher levels GATA-2 regulate HSC quiescence by similar molecular
mechanisms. While candidate target gene approaches have identified some of the molecular
mechanisms underpinning HSC quiescence in the enforced expression setting (Tipping et
al., 2009), answering this question comprehensively requires genome wide investigation into
the molecular basis of HSC quiescence in the context of both enforced and reduced GATA-2
level.

In addition to regulation of quiescence, GATA-2 also modulates HSC apoptosis (Rodrigues
et al., 2005), which is a critical facet of HSC fate required to maintain the integrity of the
HSC compartment. GA TA-2"/~ HSCs demonstrate an increased proclivity towards
apoptosis in association with decreased expression of the antiapoptotic gene Bcl-xL,
implying that GATA-2 and Bcl-xL act together to modulate HSC compartment size
(Rodrigues et al., 2005). Relatively high levels of Bcl-xL are observed within the HSC
compartment (Rodrigues et al., 2005), yet the physiological function of Bcl-xL in regulating
this compartment and its relationship to GATA-2 still remains ambiguous. It is entirely
possible that GATA-2 directly affects Bc/-xL expression as GATA sites are present on the
promoter regions of Bc/-xL or, alternatively, Bcl-xL may function through indirect effects
on other gene or signaling pathways. With other studies indicating a mechanistic link
between quiescence and apoptosis pathways, including those related to the Bcl-xL family
(Linette et al., 1996), it is tempting to speculate that GATA-2 and Bcl-xL jointly regulate
quiescence and apoptosis in GATA-2*/~ mice. By extending the notion of connectivity
between quiescent and apoptotic pathways in HSCs from GATA-2*" mice, it is also
reasonable to postulate that quiescence is induced as a protective, compensatory mechanism
to prevent gradual attrition of HSC numbers that would ultimately be caused by enhanced
apoptosis in GATA-2/" mice.

Medical relevance

GATA-2, myelodysplastic syndrome and leukemia

Given that transcription factors are critical regulators of gene expression and therefore HSC/
HPC cell fate, it perhaps unsurprising that dysregulation of transcription factor function, in
the context of mis-expression, mutations or the formation of abnormal transcription factor
fusion oncogenes, is an integral, initiating and/or sustaining event in the development of
leukemia.

Several lines of evidence have recently implicated mutations in GATA-2in pre-leukemic
(myelodysplastic) and leukemic disease. Two somatic mutations in the coding region of
GATA-2have been identified in the progression of chronic myeloid leukemia (CML) to
blast crisis (Zhang et al., 2008). These mutations perturb the transactivation and
myelomonocytic differentiation capacity of GATA-2. Mutations resulting in loss of
GATA-2 function are also observed in disorders linked to an increased propensity to
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develop myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) including
Emberger syndrome, MonoMAC syndrome and DCML deficiency, which is associated with
defects in dendritic cells, monocytes, and B and NK cells (Dickinson et al., 2011; Hsu et al.,
2011; Ostergaard et al., 2011). Another study shows heritable GA TA-2 mutations associated
with an increased tendency to develop MDS or AML without preceding hematopoietic
defects (Hahn et al., 2011). All these syndromes display mutations that are broadly of two
types: (i) N-terminal frameshift mutations that result in premature termination of GATA-2
protein translation, and (ii) mutations in the first and second zinc fingers of GATA-2, which
are critical for both DNA binding and interactions with partner proteins. Despite common
overall mechanisms leading to MDS and AML in these diseases, the specificity of the
phenotype observed within each patient cohort and syndrome is presumably a reflection of
the differing transcriptional activities conferred by each mutation. For example, even
mutations in neighboring amino acids of a zinc finger domain of GATA-2 may confer
distinct effects on interactions with partner proteins and differentially modulate target genes.
Intriguingly, an identical GATA-2mutation is observed in MonoMAC syndrome, DCML
deficiency and the Hahn et al study (Dickinson et al., 2011; Hahn et al., 2011; Hsu et al.,
2011); this suggests that variations in disease characteristics and progression in these
settings may also be a function of the target hematopoietic cell initiating or sustaining MDS
and AML, or independent co-operating mutations. Overall, the association of GATA-2
mutations with MDS or AML highlights the importance of GATA-2 to normal myeloid
progenitor cell fate. Loss of GATA-2 function mutations in HSCs may also be of relevance
to the diversity of lineage specific hematopoietic defects observed in Emberger, MonoMAC
and DCML syndromes.

Overexpression of GATA-2is also implicated in leukemic disease and is an indicator of
poor prognosis in AML (Vicente et al., 2011). That GATA-2 overexpression confers
enhanced cellular quiescence provides a plausible mechanism by which its overexpression
could cause weak responses to chemotherapy and contribute to poor prognosis in AML
(Tipping et al., 2009); elevated GATA-2 level may similarly induce quiescence in leukemic
cells, allowing them to evade chemotherapeutic killing. Enforced expression of GATA-2
forestalling proliferation of MLL-ENL oncogene driven leukemic cells lends credence to
this idea (Bonadies et al., 2011). Set against the backdrop of loss and gain of function
experiments in normal HSCs/HPCs, these data underscore the pathological importance to
maintain appropriate threshold levels of GATA-2 in the hematopoietic system.

In poor prognosis AML, GATA-2 overexpression also mirrors that of £vi-1 overexpression;
Evi-1 is also a well established marker of poor prognosis AML and a critical regulator of
both HSC and leukemic stem cell (LSC) function and GATA-2is a target gene of Evi-1 in
both HSCs and LSCs (Goyama et al., 2008; Valk et al., 2004). However, the function of
GATA-2 in LSCs - which are considered primary drivers of leukemic disease and the origin
of leukemic relapse (Hope et al., 2004) — is unclear and merits investigation. Furtherance of
developing therapies to combat poor disease prognosis associated with high GATA-2
expression in leukemia will be dependent on selective identification of GATA-2 partner
proteins and druggable target genes in LSCs and should advertently shed light on the
feasibility of specific targeting of LSCs and leukemic tumor burden rather than normal
hematopoietic cells.

Concluding remarks

GATA-2 functions as a crucial level-dependent regulator of hematopoietic stem and
committed progenitor cells. Consequently, dysregulated GATA-2 expression and function is
emerging as a key regulator of myelodysplasia and myeloid leukemia. Evaluating GATA-2
function in LSCs will be necessary to understand disease progression in GATA-2 related
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leukemia and in developing specific therapeutics to eradicate leukemic disease in this
context. Continued investigation into GATA-2 function in HSCs/HPCs is of interest in and
of itself as it may offer insights into pathways amenable to manipulation of normal HSC/
HPC function in the resurgent field of gene therapy and in cord blood transplantation for
adults.
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Fig. 1. Mouse and human GATA-2 gene structure

A. The mouse GATA-2gene is on chromosome 6. There are two isoforms (IS, IG) of mouse
GATA-2 and exon-intron organization is shown; exons and introns are spread over 8632
nucleotides.

B. The human GATA-2gene is located on chromosome 3. There are three isoforms (IS, 1G,
unnamed) of human GATA-2 and exon-intron organization is shown; exons and introns are
spread over 13,579 base pair nucleotides.
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Fig. 2.

GATA-2 protein structure and post-translational modifications. The human and mouse
GATA-2genes encode proteins of between 466—480 amino acids. The GATA-2 protein
contains 2 zinc fingers which serve as DNA binding domains and sites for protein-protein
interaction (e.g partner protein binding). There are several sites of post-translational
modifications including phosphorylation, acetylation, sumoylation and ubiquitination.
Key: TAD= Transactivation domain, NRD = negative regulatory domain, nuclear
localization domain and ZF= zinc fingers.
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