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Abstract

GATA1 is considered as the “master” transcription factor in erythropoiesis. It regulates 

at the transcriptional level all aspects of erythroid maturation and function, as revealed 

by gene knockout studies in mice and by genome-wide occupancies in erythroid cells. 

The GATA1 protein contains two zinc finger domains and an N-terminal activation 

domain. GATA1 translation results in the production of the full-length protein and of a 

shorter variant (GATA1s) lacking the N-terminal activation domain, which is functionally 

deficient in supporting erythropoiesis. GATA1 protein abundance is highly regulated in 

erythroid cells at different levels, including transcription, mRNA translation, 

posttranslational modifications and protein degradation, in a differentiation-stage specific 

manner. Maintaining high GATA1 protein levels is essential in the early stages of 

erythroid maturation, whereas downregulating GATA1 protein levels is a necessary step 

in terminal erythroid differentiation. The importance of maintaining proper GATA1 protein 

homeostasis in erythropoiesis is demonstrated by the fact that both GATA1 loss and its 

overexpression, result in lethal anemia. Importantly, alterations in any of those GATA1 

regulatory checkpoints has been recognized as an important cause of hematological 

disorders such as dyserythropoiesis (with or without thrombocytopenia), β-thalassemia, 

Diamond Blackfan anemia, myelodysplasia or leukemia. In this review, we provide an 

overview of the multi-level regulation of GATA1 protein homeostasis in erythropoiesis 

and of its deregulation in hematological disease. 
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Introduction
Cell lineage specification and differentiation is a complex process that must be tightly 

regulated through cell-type specific transcriptional programs. These programs are 

regulated by master transcription factors which play essential roles in any given cell 

lineage to successfully commit and differentiate with the appropriate temporal and spatial 

coordinates and at the exact demanded rate, thus assuring homeostatic balance in the 

organismal tissue composition [1]. Hematopoiesis has long served as an excellent model 

system for studying the molecular principles governing transcription factor functions in 

regulating cell lineage commitment and differentiation. The diversity of mature blood cells 

derives from a common progenitor, the hematopoietic stem cell (HSC), which undergoes 

a series of commitment and differentiation steps in response to specific stimuli in 

specialized tissue microenvironments (e.g. bone marrow, thymus etc.), to generate not 

only the circulating blood cells (white blood cells, red blood cells and platelets), but also 

the immune and non-immune organ resident immune cells [2-4]. Amongst the circulating 

blood cells, the highly specialized, oxygen-carrying, enucleated erythroid (red blood) 

cells must be produced daily at high rates, according to a very specialized and well 

characterized cell differentiation program, which includes progressive size reduction, cell 

cycle arrest, massive synthesis of globin chains and enucleation  [5-7]. In this respect, 

GATA1 has been acknowledged as the master transcriptional regulator of erythropoiesis, 

controlling all aspects of differentiation, survival and cell cycle arrest  [8, 9]. Maintaining 

GATA1 protein homeostasis has been shown to be a highly regulated process in 

erythropoiesis, with deregulation being a major factor in ineffective erythropoiesis or 

leukemic transformation in hematological disease. In this review we comprehensively 

discuss GATA1 functions in erythroid differentiation and, further, we focus on the 

regulation of GATA1 abundance in physiological and pathological erythropoiesis.

GATA Transcription Factors
GATA1 belongs to the GATA family of transcription factors which comprises six 

members: GATA1 to GATA6. The GATA family of transcription factors plays an important 

role in the regulation of several biological processes, such as embryonic development, 

cell growth, cell differentiation and tissue morphogenesis [10]. All members of the GATA 

family of transcription factors recognize and bind to a specific DNA motif, 

(A/T)GATA(A/G) (WGATAR), through two highly conserved Cys4-type zinc finger 

regions. This DNA consensus sequence is evolutionarily conserved in fungi, plants, 

invertebrates and vertebrates, such as zebrafish, Xenopus, chicken and mammals, 

further supporting the notion that GATA family members play important roles in the 

regulation of crucial cellular processes [11]. In mammals, GATA1, GATA2 and GATA3 
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have important roles primarily, but not exclusively, within the hematopoietic system [12, 

13] and GATA4, GATA5, and GATA6 drive the differentiation of mesoderm and 

endoderm derived tissues, thus regulating diverse developmental processes within the 

cardiac, gastrointestinal, endocrine and gonadal systems [10]. The binding of GATA 

transcription factors to the WGATAR sequence motif depends highly on the C-terminal 

zinc finger (C-ZnF), whilst the N-terminal zinc finger (N-ZnF) domain may bind to sites 

containing additional canonical, non-canonical (GATC), or palindromic GATA motifs, or 

may strengthen binding through interaction with other surrounding DNA motifs, mainly in 

partnership with other transcriptional co-factors [10, 14]. GATA transcription factor 

tissue/lineage specificity is afforded by the transactivation domains surrounding the zinc 

finger domains, the homology of which is weaker amongst the members of the GATA 

transcription factor family [9]. The global sequence landscape at each specific locus will 

determine the transcriptional activity and the higher order transcription factor complexes 

involved in its regulation. GATA1, the founding member of the GATA family of 

transcription factors, was initially shown to be essential for the erythroid/megakaryocytic 

lineages and subsequently in eosinophils/basophils, mast cells and in dendritic cells [15-

19].  However, it is the study of GATA1 in erythropoiesis that has provided the most 

valuable insight into GATA1 functions and regulation. 

GATA1 functions in erythropoiesis
GATA1 is considered the “master” transcription factor of erythropoiesis as it 

transcriptionally regulates all aspects of erythroid maturation and function [9]. The 

GATA1 protein has three main functional domains: a N-terminal activation domain (N-

TAD) and two homologous ZnF domains in the C-terminal half of the protein. The C-ZnF 

binds to DNA and the N-ZnF binds to the GATA1 main cofactor FOG-1 (Friend of GATA1) 

and modulates the affinity of GATA1 for binding to complex and palindromic sites in vitro. 

Translation of the GATA1 mRNA produces two isoforms: the full-length protein and a 

shorter variant (GATA1s), translated from codon 84 within the third exon. GATA1s lacks 

the N-TAD and results in a protein with aberrant functional properties [20, 21]. The Gata1 

gene knockout in the mouse results in embryonic lethality at around day E10.5-E11.5 

due to severe anemia, with Gata1-null cells undergoing apoptosis at the proerythroblastic 

stage [22-24]. The conditional erythroid knockout in adult mice causes aplastic anemia, 

revealing its essential role in both steady-state and stress erythropoiesis [25].

Genome-wide occupancy studies (ChIPseq) have confirmed that all known erythroid 

genes are regulated by GATA1 [26-29]. In addition, GATA1 is critical for the positive 

regulation of genes involved in cell cycle regulation, such as GFI1B [30], CDC6 [31, 32] 
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and p21 (Cdkn1a)[33]. GATA1 also activates genes important for cell survival, such as 

Bcl-2 (Bcl2) and Bcl-xL (Bcl2l1) [34, 35]. Furthermore, GATA1 has also been described 

as a regulator of restrictive lineage specification through the repression of myeloid genes 

in the erythroid lineage. Repressed targets of GATA1 include Gata2, the Myb and Myc 

oncogenes and PU.1 (Spi1)[36]. Another important feature of GATA1 in the erythroid 

lineage differentiation, is its role as a chromatin bookmark as it has been shown that 

GATA1 binding to certain gene loci is preserved through mitosis, assuring the immediate 

expression of a given set of genes after resumption of cell cycling [37].

GATA1 transcription functions in erythropoiesis are mediated by the formation of 

activating and repressive transcription complexes, through GATA1 interactions with a 

number of other transcription factors, co-factors and chromatin remodeling and 

modification proteins and complexes [8]. The best studied GATA1 interactions are with 

FOG-1 (Friend of GATA1), the SCL/TAL1/E2A/LDB1/LMO2 complex and with PU.1 

(SPI1). FOG-1 interacts with GATA1 through the latter’s N-ZnF in the erythroid and 

megakaryocytic lineages, with their interaction being essential for differentiation [38, 39]. 

Genetic studies in mice and the identification of disease-causing mutations in humans, 

confirmed the importance in vivo of the GATA1/FOG-1 interaction in erythropoiesis [40, 

41]. GATA1/FOG-1 mediated repression involves interactions with the NuRD 

(Nucleosome Remodeling and Deacetylating) complex, which is contacted directly by 

FOG-1 [42, 43]. 

Another critical GATA1 transcription complex in erythropoiesis is the so-called 

pentameric complex with the SCL/TAL1/E2A/LDB1/LMO2 factors [44]. The pentameric 

complex binds GATA-E-box motifs comprised of a GATA consensus sequence located 

proximally (7-9 bp) to an E-box CANNTG consensus motif bound by SCL/TAL1 [44]. 

These motifs occur primarily in erythroid specific genes that become activated by the 

pentameric complex [45, 46]. LMO2 serves as the bridge between SCL/TAL1 and 

GATA1 [44], whereas LDB1 associates with LMO2 and is capable of self-association 

(dimerization) through its N-terminus domain [47]. This dimerization allows LDB1-

mediated long-range DNA looping to activate transcription, as occurs, for example, in the 

β-globin locus [48, 49]. GATA1 has also been reported to interact in erythroid cells with 

other transcription factors such as KLF1, SP1 and GFI1B [50-52], as well as with 

chromatin remodeling factors such as ACF/WCRF [42], BRG1 [53] and pRB/E2F [54]. 

Lastly, GATA1 interacts with the CBP/p300 histone acetyltransferase which mediates 

acetylation of the GATA1 ZnFs, modulating its DNA binding properties and/or protein 

stability (see below) [55, 56].
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Cis regulation of GATA1 gene expression
GATA1 is located on the X chromosome in mouse and human and is comprised of 6 

exons distributed over 8 Kb [57]. Exon I is noncoding, exon II contains the starting codon 

for the full length GATA1 protein and exons IV and V code for the two ZnF domains. The 

Gata1 gene has been largely studied in mice. It comprises two tissue-specific promoters: 

the distal (IT) promoter drives expression of the Gata1 gene in Sertoli cells in the testis, 

whereas the proximal (IE) promoter located 8kb downstream of the IT promoter and 5’ 

of exon II, directs Gata1 expression in hematopoietic cells [58]. The transcriptional 

regulation of Gata1 in hematopoietic cells is coordinated by cis-regulatory regions 

clustered within three DNase I hypersensitive (HS) sites [59, 60]. HS1 is located between 

3.9 and 2.6kb upstream of IE; HS2 corresponds to the putative region of the Gata1 IE 

promoter and contains a double palindromic GATA site and CACCC boxes and HS3 is 

located in intron I. The regulated expression of Gata1 throughout hematopoiesis involves 

the differential contribution of these cis-regulatory elements. Thus, in the megakaryocytic 

lineage, Gata1 expression requires the  extended (317 bp) HS1 region, whereas  for 

erythroid expression only the first 62bp of HS1 are necessary [61, 62]. In eosinophils, 

Gata1 expression is independent of the HS1 region [63], although it does require the 

double GATA motif that is present in the HS2 region [16]. Whereas utilization of the 

isolated HS sites in gene expression constructs confers normal Gata1 expression in 

committed hematopoietic cells, physiological repression of Gata1 in the HSC 

compartment requires the interspaced sequences between the HS sites [64, 65].

GATA1 expression in hematopoiesis
From earlier progenitors towards the terminally mature erythroid cell, GATA1 expression 

levels fluctuate. Most of the studies have been performed in murine model systems, while 

more recent studies tackling this aspect using single-cell approaches have been 

performed both in mouse and human models. HSCs and common myeloid progenitors 

(CMP) express very low levels of Gata1 mRNA ([65] and references therein). Gata1 

expression increases moderately in early erythroid progenitors and burst-forming units-

erythroid (BFU-E). High GATA1 expression levels have been shown in colony-forming 

units-erythroid (CFU-E): at this stage Gata1 activates the expression of the erythropoietin 

receptor (EpoR) and, in turn, EpoR mediated signals enhance the GATA1 transcriptional 

program in erythroid progenitor cells, as has been shown in vitro [34, 66-68]. After this 

point, expression levels of Gata1 gradually decrease from the proerythroblast stage as 

differentiation proceeds through the basophilic, polychromatic and orthochromatic 

erythroblast stages [65]. In summary, GATA1 mRNA is expressed at low levels in early 
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progenitors, its expression levels reach a maximum prior to the proerythroblast stage 

and gradually declines towards the final maturation of erythroid cells, as has been shown 

in mice and human model systems [65, 69, 70]. GATA1 protein levels follow this pattern, 

and decrease towards terminal maturation, as was shown in mouse erythroid progenitors 

using a hanging-drop culture method, and comparing the levels of GATA1 protein in the 

same number of cells amongst successive stages of differentiation [71]. Studies using 

intracellular flow cytometry or flow cytometry analysis of bone marrow progenitors of 

GATA1-reporter transgenic mice, clearly supported this notion (Figure 1 and [70]).

Recent studies at the single cell level have also provided renewed insight as to GATA1 

protein expression in human erythropoiesis, from hematopoietic stem and progenitor 

cells (HSPCs) to terminally differentiated erythroid cells. In one study, GATA1 protein 

could be detected at low levels in a subset of HSPCs, gradually increasing as cells 

differentiate, reaching high levels in lineage committed erythroid cells [72]. Similarly, in 

another study, GATA1 protein was clearly detectable at the CMP stage and gradually 

increased with cell commitment and differentiation through the CFU-E, proerythroblast 

and basophilic erythroblast and orthochromatic erythroblast stages [73]. Previously, it 

has been shown that GATA1 protein levels decline at the very last stages of terminal 

erythroid differentiation [74, 75], in what appears to be a regulated event necessary for 

terminal erythroid maturation (see below).

Regulation of GATA1 mRNA translation 

The translation of the GATA1 mRNA in erythroid cells gives rise to the production of two 

protein isoforms as a result of the utilization of two ATG start codons: one in exon II which 

gives rise to full length GATA1 encoding a 413 amino acid protein and a second ATG in 

exon III which gives rise to a shorter isoform (GATA1s [76, 77]) lacking the N terminal-

most 83 amino acids, which span a so-called transactivation domain [78]. The GATA1 

mRNA has been described to have an unusual 5’ UTR structure, in that it is short and 

predicted to have a less complex secondary structure [72, 76]. These 5’ UTR features 

are generally shared by mRNAs that are associated with increased translational 

efficiencies and are particularly susceptible to changes in ribosomal levels, for example, 

in ribosomopathies [72]. Remarkably, the GATA1 5’ UTR structure is unique among a 

number of critical hematopoietic transcription factors which, on average, have longer 5’ 

UTRs with more complex predicted structures [72]. 5’ UTR swap experiments between 

GATA1 and other hematopoietic transcription factors, such as GATA2 or RUNX1, failed 
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to rescue erythroid differentiation in a functional complementation assay in the Gata1-

null G1E proerythroblastic cell line [72]. Furthermore, GATA1 mRNA translation appears 

to have a greater requirement for eIF-dependent translation initiation [76]. Lastly, recent 

evidence showed that GATA1 mRNA translation also requires the ribonuclease inhibitor 

1 (RNH1) [79]. RNH1 associates with ribosomes and enhances GATA1 mRNA 

translation by enabling its recruitment to the ribosomal complex [79]. Thus, the overall 

picture emerging is that GATA1 mRNA translation is highly regulated in erythroid cells 

and disruptions in these regulatory mechanisms lead to reduced GATA1 protein levels, 

defective erythropoiesis and, ultimately, to disease (see below). Additionally, it appears 

that disruption of the complex translational regulation of the GATA1 mRNA affects 

translation of both full length GATA1 and of GATA1s [76].

Targeted degradation of mRNA by miRNAs is acknowledged as being a crucial 

checkpoint for cellular processes and tumorigenesis, however, not much is known about 

the miRNA-mediated regulation of GATA1 mRNA. In the teleost C. hamatus, the 3’ UTR 

of the GATA1 mRNA has been reported to be a target for miR-152 [80]. This interaction 

reduces the expression levels of GATA1 protein and, consequently, represses 

hematopoiesis when miR-152 is overexpressed [80]. 

Posttranslational modifications and GATA1 protein stability

GATA1 undergoes several posttranslational modifications (PTMs), including 

phosphorylation, acetylation, sumoylation and ubiquitination. Phosphorylation occurs in 

seven serine residues, of which six are constitutively phosphorylated, whereas S310 

phosphorylation, located near the C-ZnF of GATA1, is erythroid specific [81]. GATA1 

phosphorylation occurs downstream of signaling pathways in erythroid cells, the main 

one being Epo activation, which leads to PI3/AKT or MAPK phosphorylation of specific 

GATA1 serine residues [67, 81, 82]. For example, S26 is phosphorylated by MAPK upon 

stimulation by IL-3 and has been linked to improved cell survival caused by increased 

expression of Bcl-XL anti-apoptotic gene [83]. Whereas phosphorylation has been 

proposed to affect GATA1 properties such as DNA binding and transcriptional activation 

[84], DNA bending [85] or protein interactions [86], its relevance to GATA1 in vivo 

functions remains unclear [87]. 

GATA1 has also been shown to be acetylated by the histone acetyltransferase (HAT) 

CBP/p300, at evolutionarily conserved lysine residues in the carboxyl ends of its zinc-

finger domains (a.a.245-252 and a.a.308-316) [56, 88]. GATA1 protein acetylation is 

required for terminal erythroid differentiation and for GATA1 chromatin occupancy and 
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transcriptional activation [55, 56, 89, 90]. Acetylated GATA1 interacts with Bromodomain 

Protein 3 (BRD3) which stabilizes GATA1 binding to chromatin [91]. Interestingly, the 

combinatorial action of GATA1 phosphorylation and acetylation has been proposed to 

signal GATA1 degradation by the ubiquitin/proteasome protein pathway [82]. Under this 

scenario, the acetylated, chromatin bound, “active” fraction of GATA1 becomes 

phosphorylated in response to specific external signals, or as part of the erythroid 

differentiation program, which in turn lead to GATA1 becoming ubiquitinated and 

targeted for degradation [82]. Ubiquitin mediated proteasomal degradation of acetylated 

GATA1 in erythroid cells appears to involve the HSP27 protein chaperone, which itself 

is subjected to regulation via posttranslational modification [92]. This complex regulatory 

network has been proposed to serve as a mean of controlling GATA1 activity at the 

protein level, in response to specific signaling cues in erythropoiesis [82, 92]. However, 

the in vivo relevance of such a mechanism remains unclear since mutating the GATA1 

phoshorylatable residues does not appear to have an effect in erythropoiesis in vivo [87, 

93], as would have been predicted by this model. In addition, recent work identified the 

USP7 deubiquitylase as interacting with and stabilizing GATA1 protein levels in human 

erythroid cells, by preventing its proteasomal degradation through the deubiquitination 

of lysine 48 [94]. However, it is not presently known how the USP7 mediated GATA1 

deubiquitination relates to the acetylation and phosphorylation mediated ubiquitination 

of GATA1 proposed by Hernandenz-Hernandez et al. [82].

GATA1 has also been shown to undergo sumoylation in erythroid cells [95-97]. 

Sumoylation does not appear to affect GATA1 protein levels [97], however its functional 

significance remains contradictory. One study reported that sumoylation inhibits GATA1 

chromatin occupancy and transcriptional activation [97], whereas another study 

suggested the opposite, in that sumoylation appeared to enhance GATA1 chromatin 

occupancy, subnuclear localization and transcriptional activation of a subset of 

GATA1/FOG-1 dependent target genes [96]. Either way, GATA1 sumoylation appears 

to add yet another layer to the regulation of GATA1 activity. However, the precise 

crosstalk between all of GATA1’s PTMs (acetylation, phosphorylation, symoylation and 

ubiquitination) in regulating GATA1 protein levels and activity in vivo, remains to be 

elucidated.

Caspase mediated GATA1 protein cleavage and terminal erythroid differentiation

GATA1 protein has also been shown to be a target for caspase-mediated cleavage in 

terminal erythroid differentiation in human. In a seminal study, De Maria et al. showed 

that immature erythroid cells expressed several death receptors which, when activated 
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by addition of ligand (e.g. Fas-L) or by incubation with mature erythroblasts, could inhibit 

erythroid maturation through the specific cleavage of GATA1 protein by caspases [74]. 

These observations led to the suggestion of a homeostatic mechanism whereby 

accumulation of mature erythroid cells in the erythroblastic island would lead to the 

activation of death receptors in immature cells, leading to caspase-mediated GATA1 

protein cleavage and differentiation arrest and apoptosis [74].

In a subsequent study by Ribeil et al., it was shown that caspase 3 was the predominant 

caspase activated in the nucleus of terminally differentiating erythroid cells which can 

cleave GATA1, for example, when starving erythroid precursors for Epo, resulting in cell 

death by apoptosis [75]. Furthermore, Ribeil et al. uncovered a mechanism that protects 

GATA1 from cleavage by caspase 3 activation in the nucleus during human erythroid 

cell maturation. Specifically, they showed that Epo mediated erythroblast survival and 

terminal differentiation results in the nuclear translocation of the HSP70 protein 

chaperone and its specific interaction with GATA1 protein, thus protecting it from 

cleavage by activated caspase 3 [75]. Under conditions of Epo starvation, HSP70 

translocates to the nucleus and no longer protects GATA1 which now becomes cleaved 

by caspase 3, thus leading to differentiation arrest and apoptosis [75]. Thus, HSP70 

protects GATA1 from programmed caspase 3 activation in the Epo-dependent, early 

stages of erythroid cell maturation as a cell survival and differentiation protective 

mechanism, whereas at later stages, Epo-independent mature erythroid cells can signal 

death receptor and caspase activation in immature cells, leading to GATA1 cleavage 

and differentiation arrest as a homeostatic control mechanism. It is unclear whether this 

mechanism also operates in the murine system, as murine GATA1 protein does not 

share the caspase cleavage site with human GATA1 [74]. Interestingly, a recent study 

further added to the GATA1/HSP70 protective axis by showing that nuclear HSP70 and 

GATA1 protein levels were modulated by the p19INK4d cyclin-dependent kinase inhibitor 

[98]. Specifically, it was shown that p19INK4d downregulated PEBP1 

(phosphatidylethanolamine-binding protein 1), resulting in stabilized nuclear HSP70 

protein levels through increased ERK phosphorylation, known to be implicated in HSP70 

nuclear localization [98]. Importantly, the GATA1/HSP70 protective mechanism breaks 

down in hematological disorders presenting with ineffective erythropoiesis, as outlined 

below.

A recent study uncovered an additional caspase-mediated mechanism for regulating 

GATA1 protein levels in hematopoiesis [99]. Inflammasome activation in HSCs due to 

infection, led to caspase 1 activation and GATA1 cleavage and degradation, thus biasing 
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cell fate decisions towards the myeloid lineage. Inhibition of caspase 1 in murine HSCs 

resulted in the upregulation of GATA1 protein and an increase in megakaryocytic-

erythroid (MegE) colony output at the expense of granulocyte-monocyte (GM) colonies, 

suggesting an evolutionarily conserved mechanism for the inflammasome regulating 

hematopoietic cell fate decisions by fine-tuning GATA1. In addition, the same study 

showed that the cleavage of GATA1 by caspase 1 was required for the final steps of 

hemin-induced erythroid differentiation in K562 cells, thus pointing at an additional 

mechanism whereby the inflammasome could regulate erythropoiesis through GATA1. 

Importantly, just like for caspase 3, GATA1 was indeed shown to be a substrate for 

cleavage by caspase 1 in vitro  [99]. 

The effects of artificially altering GATA1 protein levels

As outlined above, GATA1 translation and protein levels are exquisitely regulated in 

hematopoiesis and it is now well established that tinkering with GATA1 protein levels has 

important functional implications and may also result in hematological disease. For 

example, the extremes of either a complete loss of GATA1 expression or GATA1 

overexpression, result in both cases in embryonic lethal anemia [22, 100]. Another study 

using inducible GATA1 expression in an immortalized GATA1-null proerythroblastic cell 

line, demonstrated differential sensitivity of target genes to the dosage of GATA1 protein 

[101]. Studies using transgenic mice under- or over-expressing GATA1 have been 

particularly useful in investigating the effects of altering GATA1 protein levels in 

hematopoiesis. Specifically, two GATA1 knockdown mouse models have been 

generated by the Yamamoto and Orkin groups expressing GATA1 at 5% or 20% of its 

physiological levels, respectively [102, 103]. The first mouse model, called GATA1.05, 

was generated by the insertion of a neomycin resistance cassette in the GATA1 promoter 

region, which resulted in GATA1 expression at 5% its physiological level [102]. 

Hemizygous male GATA1.05 embryos die from severe anemia between E11.5 and 

E12.5, suggesting that 5% GATA1 expression is not sufficient to support primitive 

erythropoiesis. Interestingly, using in vitro differentiated ES cells, it was shown that both 

GATA1.05 and GATA1-null cells resulted in reduced expression of p16INK4A and 

accelerated cell cycle progression, however, 5% of GATA1 expression was sufficient to 

maintain expression of the anti-apoptotic Bcl-XL gene, thus protecting the cells from 

apoptotic cell death normally observed with GATA1-null cells [104]. These results 

provide further evidence for subtle alterations in GATA1 expression levels having 

differential effects on the expression of GATA1 target genes. 

In contrast to male mice, heterozygous GATA1.05 female mice were born at slightly 
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lower than expected Mendelian frequencies and often developed perinatally varying  

degrees of transient anemia (due to X inactivation), from which they recovered [102, 

104]. However, between 3 and 6 months of age, GATA1.05 female mice frequently 

develop erythroleukemia, characterized by the proliferation of immature erythroid 

progenitors [105]. By contrast, heterozygous GATA1-null female mice do not present 

with erythroleukemia. The difference between the two conditions (which only differ by 

5% in the expression of GATA1), may lie in the observation that 5% of GATA1 is sufficient 

to protect cells from apoptosis, but not from uncontrollable cell proliferation [104]. By 

contrast, GATA1-null cells in a heterozygous female background would be eliminated by 

apoptosis. Thus, additional genetic events that my occur in the proliferating GATA1.05 

progenitor population can lead to leukemic transformation [105-107]. Interestingly, older 

GATA1.05 mice also develop CD19+ B-cell leukemia through a leukemogenic 

mechanism that is not yet understood, but may be related to lineage commitment 

skewing towards lymphoid fates by proliferating progenitors expressing low levels of 

GATA1 [105].

The second GATA1 knockdown mouse strain was generated by replacing an upstream 

enhancer region in the GATA1 gene locus with a neomycin resistance cassette [103]. In 

these mice, known as GATA1low mice, GATA1 expression levels were originally reported 

to be knocked down to 20% [103], although subsequent analyses have shown GATA1 

mRNA reduced by as much as 100-fold in orthochromatic erythroblasts ([108] and 

references therein). The majority of GATA1low male mice die of anemia between 

embryonic stages E13.5 and E14.5. In contrast to the GATA1.05 mice, a few GATA1low 

male mice are born alive but are severely anemic, but for some of them anemia resolves 

around 4-5 weeks of age [103]. These observations suggest that ~20% GATA1 

expression is insufficient to support primitive erythropoiesis but sufficient for adult 

erythropoiesis. Interestingly, GATA1 expression in the megakaryocytes of GATA1low 

mice is completely abolished and the mice are born with severe thrombocytopenia, 

associated with the expansion of abnormal megakaryocytic progenitors that, at 10 

months of age, develops into a myeloproliferative condition characterized by fibrosis of 

the bone marrow, closely resembling primary myelofibrosis [108, 109]. GATA1low mice 

also have defects in mast cell differentiation, as evidenced by the amplification of mast 

cell progenitors, increased apoptotic precursors and defective differentiation of mature 

cells [110]. These observations provide yet more evidence for the necessity of 

maintaining appropriate GATA1 levels to support balanced hematopoiesis.
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GATA1 overexpression has also been shown to have dramatic effects in erythropoiesis 

in vivo. In particular, a mouse model was generated bearing an X-linked GATA1 

transgene driven by the Locus Control Region (LCR) of the human -globin locus (the 

GATA1-OX transgene), resulting in the overexpression of GATA1 beyond the 

proerythroblast stage, at the moment of maximum globin transcription [100]. Male 

embryos carrying the GATA1-OX transgene die in utero in mid gestation due to anemia, 

whereas heterozygous females survive to term and develop normally. From this study it 

was shown that GATA1 overexpression at the proerythroblast stage causes cell cycle 

arrest and apoptosis of erythroid progenitors beyond the proerythroblast stage. 

Intriguingly, in heterozygous females it was shown that GATA1-OX progenitors were able 

to mature at an almost normal rate [100]. The explanation for this phenomenon lies in 

the erythroblastic island, i.e. the histological unit where erythropoiesis takes place in the 

bone marrow [111, 112]. The erythroblastic island is composed of a central macrophage 

surrounded by erythroid progenitors in successive stages of differentiation, emanating 

from the center towards the periphery of the island. It is in this periphery where mature 

erythroblasts will enucleate and the expelled pyrenocyte will be phagocytosed by the 

central macrophage [113]. In this hierarchical histological unit, erythroid cells are in 

contact and communicate with each other, thus providing an internal feedback 

mechanism measuring differentiation rate and assuring maturation and production of red 

blood cells in response to physiological demands at any given moment [114, 115]. Due 

to X-chromosome inactivation, the erythroblastic islands of heterozygous GATA1-OX 

females are chimeric in composition, i.e. approximately 50% of erythroid progenitors 

overexpress GATA1 (the X chromosome carrying the GATA1-OX transgene is active), 

and 50% of erythroid progenitors express GATA1 at normal levels (the wildtype X 

chromosome is active). Based on this, it was proposed that maturing erythroid cells in 

later stages of differentiation induce the terminal differentiation of earlier progenitors 

through cell-cell signaling mechanisms, which result in the downregulation of GATA1 

protein levels as a necessary regulatory cadency for proper erythroid terminal maturation 

[100]. This provides a mechanism to ensure a smooth production of red blood cells in 

wild type mice. However, in the heterozygous GATA1-OX females, this results in the 

“rescue” of the GATA1 overexpressing cells, which are able to differentiate when in close 

proximity to wildtype maturing erythroid cells, which provide a signal directed towards 

the downregulation of GATA1 protein levels. This signal was tentatively named “REDS” 

(red cell differentiation signal). A follow-up study using mice with different combinations 

of the GATA1-OX transgene and a GATA1-knockout allele, provided further evidence for 

REDS signaling by wildtype maturing erythroid cells: when crossed with GATA1 

knockout mice, heterozygous GATA1-OX females died in mid gestation due to anemia 
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(similar to GATA1-OX males) [116]. However, to-date, the identity of the REDS 

receptor/ligand is not known. Regulation of GATA1 transcription at the terminal 

differentiation stages and recent work suggesting that REDS might act to regulate 

GATA1 levels through the inhibition of translation (L. Gutiérrez, manuscript in 

preparation), are possibilities. Overall, the REDS signal serves as another example of 

homeostatic regulation of erythropoiesis through GATA1 protein level regulation.

Lastly, it should be noted that artificially altering GATA1 expression levels through its 

enforced expression in hematopoietic progenitors, can push them to cell fates towards 

lineages that are normally regulated by GATA1 [117, 118]. For example, ectopic 

expression of GATA1 in avian myeloid progenitors [119] or in human primary myeloid 

progenitors [120] reprogrammed them to erythroid and megakaryocytic or eosinophilic 

cell fates, respectively. These studies support the notion that different thresholds of 

GATA1 expression levels in hematopoietic progenitors, can govern cell fate decisions 

towards different lineages.

Downregulation of GATA1 protein levels and ineffective erythropoiesis
Ineffective erythropoiesis (IE) or dyserythropoiesis is a pathological feature shared by a 

number of hematological diseases such as β thalassemia, myelodysplastic syndromes 

(MDS), Diamond-Blackfan anemia (DBA), 5q-syndrome and myelofibrosis [121]. IE is 

characterized by the abnormal differentiation of erythroid progenitors resulting in an 

expanded progenitor compartment, increased destruction of abnormal erythroblasts and 

a paucity in the production of mature erythroid cells. Recent work has shown that the 

downregulation of GATA1 protein levels is a critical aspect of IE in hematological 

disease. Three mechanisms have been described to account for reduced GATA1 protein 

levels in IE: (i) inherited GATA1 mutations greatly reducing, or eliminating altogether, 

expression of the full length GATA1 protein [122, 123]; (ii) impaired translation of full 

length GATA1 [72, 76], and (iii) impaired HSP70-mediated protection of GATA1 protein 

from cleavage and degradation [124].

The best example of inherited GATA1 mutations in IE is that of Diamond-Blackfan 

Anemia (DBA). This is an inherited bone marrow failure syndrome characterized by 

anemia, macrocytosis, reticulopenia and selective reduction or absence of erythroid 

precursors (BFU-Es) in an otherwise normocellular bone marrow [125]. More than 200 

heterozygous mutations in 19 ribosomal protein (RP) genes have been recorded to-date, 

accounting for most (approximately 70%), but not all, of the DBA cases [126, 127]. 

Sankaran and colleagues were the first to identify through exome sequencing a GATA1 

mutation associated with DBA [128]. This mutation was a c.220G>C transversion that 
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caused the skipping of exon 2, resulting in the loss of full length GATA1 protein, with the 

continued expression of the GATA1s isoform. Additional cases in DBA with similar 

GATA1 mutations have been reported [76, 129, 130], including a mutation that resulted 

in the loss of the first translation initiation codon responsible for the production of full 

length GATA1 protein, again without affecting GATA1s expression [76, 130]. These 

findings are significant in explaining dyserythropoiesis in these patients, as it has been 

shown that the GATA1s isoform cannot fully support erythropoiesis [20, 21, 131]. 

Furthermore, these results show that the mutations in the GATA1 gene that give rise to 

reduced, or absent, full length GATA1 protein, in the absence of RP gene mutations, are 

sufficient to cause disease. In addition, Hollanda et al. reported a family with a similar G 

> C transition at the boundary of exon 2 in the GATA1 gene in male members, which 

also resulted in the exclusive expression of GATA1s giving rise to macrocytic anemia 

and variable neutropenia, with no apparent thrombocytopenia [132]. The differences in 

disease manifestation between the two reports of the G > C mutation in exon 2 of the 

GATA1 gene remain unclear, but it has been suggested that they may be due to 

differences in the levels of total GATA1 protein expressed [128]. Lastly, Sankaran and 

colleagues recently identified two patients with dyserythropoietic anemia and 

thrombocytopenia, due to a mutation that affects canonical splicing of the GATA1 mRNA 

[133]. Specifically, a single nucleotide change was identified 24 nucleotides upstream of 

the canonical splice site in intron 5 of the GATA1 gene. This mutation results in an 

increase in the use of the mutated site as an alternative splice acceptor site, with a 

reduction in canonical splicing. This leads to a partial intron retention event that 

introduces an extra 5 amino acids C-terminally to the C-terminal zinc finger of GATA1, 

with a concomitant reduction in the expression of wild-type GATA1 to ~ 40% its normal 

levels. Importantly, the mutant GATA1 protein was functionally inactive as it could not 

rescue erythroid differentiation in functional complementation assays in the GATA1-null 

G1E murine proerythroblastic cell line [133]. 

The analysis of the molecular basis of DBA, again provided important clues as to the 

implication of reduced GATA1 protein levels in IE in hematological disease. As outlined 

above, DBA is primarily associated with heterozygous mutations in a number of RP 

genes. It is now known that deficiencies in RPs act upstream of GATA1 in 

downregulating its protein translation levels, whilst mRNA levels remain unaffected [76]. 

In accordance with this, knocking down RPS19 expression, or that of other RP genes, 

led to a significant reduction in GATA1 protein levels resulting in deficient erythropoiesis, 

reminiscent of DBA [76]. As described above, it appears that the particular sensitivity of 

the GATA1 mRNA to RP levels is mediated by the particular sequence and structure of 
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its 5’ UTR,  as it was shown that  the presence of the 5’ UTR is critical for GATA1 erythroid 

function [72]. Interestingly, mutations in the RPS14 gene were also found in patients with 

primary myelofibrosis and were again associated with reduced GATA1 protein levels and 

impaired megakaryopoiesis [134], thus linking RP gene mutations and reduced GATA1 

protein levels in hematological disease affecting a hematopoietic lineage other than the 

erythroid lineage. Furthermore, it was recently shown that heme levels are retroactively 

involved in this spectrum of phenomena around ribosomal protein dependent GATA1 

protein level regulation [135]. This study showed that in early erythroid progenitors, heme 

induces the translation of ribosomal proteins, ensuring sustained globin synthesis. 

However, at later stages of differentiation, heme accumulation associates with 

downregulation of Gata1 through an still undescribed mechanism [135].

As described above, GATA1 protein is normally protected from caspase-mediated 

cleavage in the early stages of erythroid differentiation, through its interaction in the 

nucleus with the HSP70 protein chaperone [75]. This GATA1 protective mechanism 

appears to break down in hematological disorders manifesting with IE, such as DBA and 

myelodysplastic syndromes (MDS). In DBA, it was recently shown that HSP70 protein is 

downregulated due to its increased ubiquitination and proteasomal degradation in 

RPL11- and RPL5-deficient human primary erythroid cells, but not in RPS19-deficient 

cells, resulting in proliferation and differentiation defects and increased apoptosis in 

erythroid cells, resembling DBA features [136]. A subsequent study showed a 

disequilibrium of globin chain and heme synthesis in RPL11- and RPL5-deficient human 

erythroid cells, resulting in excessive free heme which downregulated HSP70 protein 

[137]. The study by Doty et al. also suggests that aberrant accumulation of heme, 

contributes to the amplification of ribosomal protein imbalance, thus causing premature 

downregulation of GATA1 levels, responsible for the IE that is characteristic of DBA and 

MDS [135]. Hence, it is clear in that in DBA, HSP70 downregulation results in a significant 

drop in GATA1 protein levels due to caspase mediated cleavage, which underlies the 

observed erythroid maturation defects [136]. The HSP70 mediated protection of GATA1 

is also disrupted in β-thalassemia, which also manifests with IE. Here, it was shown in 

primary human β-thalassemic erythroblasts that free α-globin chains sequester HSP70 

to the cytoplasm, resulting in significant downregulation of nuclear GATA1 protein and a 

blockade in terminal erythroid differentiation [138]. Lastly, myelodysplastic syndromes 

are clonal disorders also characterized by IE associated with defective erythroid 

maturation and increased apoptosis of erythroid precursors [121]. Here too, it was shown 

that nuclear GATA1 protein was significantly lower as a result of aberrant HSP70 

localization in the cytoplasm, accounting for the blockade in erythroid differentiation in 
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MDS [124]. Thus, downregulation or absence of full length GATA1 protein in erythroid 

precursors, either directly through mutations in the GATA1 gene itself, or indirectly 

through defects in GATA1 mRNA translation or the breakdown of the HSP70/GATA1 

protective axis, result in defective erythropoiesis and disease. This is an addition to 

hematological deficiencies or malignancies affecting other hematopoietic lineages, 

where downregulation or loss of the full length GATA1 protein play a causative role, for 

example, in primary myelofibrosis affecting the megakaryocytic lineage [108] or in 

trisomy 21 associated transient myeloproliferative disorder (TMD), acute 

megakaryoblastic leukemia (AMKL) and clonal eosinophilia [139, 140].  

Conclusions

The fine-tuning of GATA1 protein levels has emerged as a key mechanism for regulating 

erythropoiesis. High GATA1 protein levels are required in the EPO-dependent early 

stages of erythropoiesis in providing cell survival functions, in addition to activating the 

erythroid transcription program. Adequate GATA1 protein levels in the early stages of 

erythroid differentiation are ensured by the efficient translation of GATA1 mRNA and its 

protection from cleavage by activated caspase 3 through GATA1’s interaction with the 

HSP70 protein chaperone. Subsequently, GATA1 needs to be drastically downregulated 

for the terminal stage of erythroid maturation to take place, in a homeostatic mechanism 

that balances the production of red blood cells depending on surplus or demand. GATA1 

protein levels also affect cell fate decisions, as evidenced by the reprogramming of 

myeloid progenitors towards MegE fates by GATA1 overexpression. Furthermore, 

inflammasomes appear to exploit the caspase-mediated cleavage of GATA1 in HSCs in 

order to tip the balance towards enhanced myeloid differentiation in response to 

infection. Lastly, the combined action of GATA1 post translational modifications has been 

proposed as a mechanism to control the active, chromatin-bound fraction of GATA1 by 

targeting it for proteasomal degradation as a mechanism for regulating GATA1 

transcriptional activity in response to signals. It has also become clear that, not only 

genetic mutations affecting GATA1, but also defects in the different levels of regulatory 

checkpoints for physiological GATA1 expression, play a key role in the physiopathology 

of disease hematological diseases associated with inefficient erythropoiesis. With the 

advent of novel, unbiased, single cell-based technologies, we stand to gain a much better 

understanding of GATA1 regulatory mechanisms and the cascading effects of their 

deregulation in vertebrate hematopoiesis and in human disease. Newly gained 

knowledge will help the development of novel therapies targeting the restoration of 
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GATA1 regulation in treating inefficient erythropoiesis and anemia in hematological 

disease in man.
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Figure Legends:

Figure 1: GATA1 protein levels during murine erythroid differentiation

Intracellular flow cytometry analysis of GATA1 protein expression in mouse fetal and 

adult tissues. In brief, one million cells were stained with Ter119-PE antibody (fetal 

tissues) or a cocktail of KIT-PECy7/CD71-APC/Ter119-PE (adult tissues), and 

subsequently fixed and permeabilized using BD Cytofix/Cytoperm kit (BD Biosciences), 

after which they were incubated with anti-GATA1-N6 antibody (1:100) followed by anti-

rat-FITC antibody (1:100) with a wash step after each incubation.

A) GATA1 protein levels were assessed using intracellular flow cytometry in murine fetal 

liver and fetal blood at E13.5. Representative data shown. In the top row, dot plots are 

depicted of  GATA1 levels (MFI) against the Forward Scatter in fetal liver and fetal blood 

samples of the same mouse. In the mid row, dotplots are depicted of GATA1 levels (MFI) 

against Ter119 surface expression, including the Forward Scatter variable as a Heatmap 

Statistic colorcode in fetal liver and fetal blood samples of the same mouse. The plots on 

the right depict the overlay of respective fetal liver (red) and fetal blood (blue) samples 

on both rows. The bottom row is a composite figure, where representative pictures from 

cytospins of erythroid differentiating cells in vitro in hanging drop assays [71] and fetal 

blood nucleated and enucleated erythroid cells [116], are overlayed on the mid-row plots, 

as an indication of how differentiation takes place, with the remark that these cells do not 

correspond to prospectively isolated cells from the same samples.

B) GATA1 protein levels were assessed using intracellular flow cytometry in murine bone 

marrow cells. The graph represents GATA1 expression levels (GeoMFI) in successive 

stages of erythroid maturation based on surface marker expression, in 5 mice. The 

populations are from immature to mature, as follows: KIT+CD71-Ter119- (which includes 

other hematopoietic progenitors than erythroid), KIT+CD71+Ter119-, KIT-CD71+Ter119+, 

KIT-CD71-Ter119+. The picture of maturing erythroid cells, is a composite of 

differentiating cells in hanging drop assays in vitro [71], and is used to exemplify how 
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erythroid differentiation takes place, from top to bottom, following the order of gated 

populations in the bone marrow. 

Figure 2: Model of GATA1 protein level regulation during erythroid maturation

Summary of the different mechanisms regulating GATA1 protein abundance, which lead 

to disease when deregulated.
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Abstract

GATA1 is considered as the “master” transcription factor in erythropoiesis. It regulates 

at the transcriptional level all aspects of erythroid maturation and function, as revealed 

by gene knockout studies in mice and by genome-wide occupancies in erythroid cells. 

The GATA1 protein contains two zinc finger domains and an N-terminal activation 

domain. GATA1 translation results in the production of the full-length protein and of a 

shorter variant (GATA1s) lacking the N-terminal activation domain, which is functionally 

deficient in supporting erythropoiesis. GATA1 protein abundance is highly regulated in 

erythroid cells at different levels, including transcription, mRNA translation, 

posttranslational modifications and protein degradation, in a differentiation-stage specific 

manner. Maintaining high GATA1 protein levels is essential in the early stages of 

erythroid maturation, whereas downregulating GATA1 protein levels is a necessary step 

in terminal erythroid differentiation. The importance of maintaining proper GATA1 protein 

homeostasis in erythropoiesis is demonstrated by the fact that both GATA1 loss and its 

overexpression, result in lethal anemia. Importantly, alterations in any of those GATA1 

regulatory checkpoints has been recognized as an important cause of hematological 

disorders such as dyserythropoiesis (with or without thrombocytopenia), β-thalassemia, 

Diamond Blackfan anemia, myelodysplasia or leukemia. In this review, we provide an 

overview of the multi-level regulation of GATA1 protein homeostasis in erythropoiesis 

and of its deregulation in hematological disease. 
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Introduction
Cell lineage specification and differentiation is a complex process that must be tightly 

regulated through cell-type specific transcriptional programs. These programs are 

regulated by master transcription factors which play essential roles in any given cell 

lineage to successfully commit and differentiate with the appropriate temporal and spatial 

coordinates and at the exact demanded rate, thus assuring homeostatic balance in the 

organismal tissue composition [1]. Hematopoiesis has long served as an excellent model 

system for studying the molecular principles governing transcription factor functions in 

regulating cell lineage commitment and differentiation. The diversity of mature blood cells 

derives from a common progenitor, the hematopoietic stem cell (HSC), which undergoes 

a series of commitment and differentiation steps in response to specific stimuli in 

specialized tissue microenvironments (e.g. bone marrow, thymus etc.), to generate not 

only the circulating blood cells (white blood cells, red blood cells and platelets), but also 

the immune and non-immune organ resident immune cells [2-4]. Amongst the circulating 

blood cells, the highly specialized, oxygen-carrying, enucleated erythroid (red blood) 

cells must be produced daily at high rates, according to a very specialized and well 

characterized cell differentiation program, which includes progressive size reduction, cell 

cycle arrest, massive synthesis of globin chains and enucleation  [5-7]. In this respect, 

GATA1 has been acknowledged as the master transcriptional regulator of erythropoiesis, 

controlling all aspects of differentiation, survival and cell cycle arrest  [8, 9]. Maintaining 

GATA1 protein homeostasis has been shown to be a highly regulated process in 

erythropoiesis, with deregulation being a major factor in ineffective erythropoiesis or 

leukemic transformation in hematological disease. In this review we comprehensively 

discuss GATA1 functions in erythroid differentiation and, further, we focus on the 

regulation of GATA1 abundance in physiological and pathological erythropoiesis.

GATA Transcription Factors
GATA1 belongs to the GATA family of transcription factors which comprises six 

members: GATA1 to GATA6. The GATA family of transcription factors plays an important 

role in the regulation of several biological processes, such as embryonic development, 

cell growth, cell differentiation and tissue morphogenesis [10]. All members of the GATA 

family of transcription factors recognize and bind to a specific DNA motif, 

(A/T)GATA(A/G) (WGATAR), through two highly conserved Cys4-type zinc finger 

regions. This DNA consensus sequence is evolutionarily conserved in fungi, plants, 

invertebrates and vertebrates, such as zebrafish, Xenopus, chicken and mammals, 

further supporting the notion that GATA family members play important roles in the 

regulation of crucial cellular processes [11]. In mammals, GATA1, GATA2 and GATA3 
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have important roles primarily, but not exclusively, within the hematopoietic system [12, 

13] and GATA4, GATA5, and GATA6 drive the differentiation of mesoderm and 

endoderm derived tissues, thus regulating diverse developmental processes within the 

cardiac, gastrointestinal, endocrine and gonadal systems [10]. The binding of GATA 

transcription factors to the WGATAR sequence motif depends highly on the C-terminal 

zinc finger (C-ZnF), whilst the N-terminal zinc finger (N-ZnF) domain may bind to sites 

containing additional canonical, non-canonical (GATC), or palindromic GATA motifs, or 

may strengthen binding through interaction with other surrounding DNA motifs, mainly in 

partnership with other transcriptional co-factors [10, 14]. GATA transcription factor 

tissue/lineage specificity is afforded by the transactivation domains surrounding the zinc 

finger domains, the homology of which is weaker amongst the members of the GATA 

transcription factor family [9]. The global sequence landscape at each specific locus will 

determine the transcriptional activity and the higher order transcription factor complexes 

involved in its regulation. GATA1, the founding member of the GATA family of 

transcription factors, was initially shown to be essential for the erythroid/megakaryocytic 

lineages and subsequently in eosinophils/basophils, mast cells and in dendritic cells [15-

19]. However, it is the study of GATA1 in erythropoiesis that has provided the most 

valuable insight into GATA1 functions and regulation. 

GATA1 functions in erythropoiesis
GATA1 is considered the “master” transcription factor of erythropoiesis as it 

transcriptionally regulates all aspects of erythroid maturation and function [9]. The 

GATA1 protein has three main functional domains: a N-terminal activation domain (N-

TAD) and two homologous ZnF domains in the C-terminal half of the protein. The C-ZnF 

binds to DNA and the N-ZnF binds to the GATA1 main cofactor Friend of GATA1 (FOG-1) 

and modulates the affinity of GATA1 for binding to complex and palindromic sites in vitro. 

Translation of the GATA1 mRNA produces two isoforms: the full-length protein and a 

shorter variant (GATA1s), translated from codon 84 within the third exon. GATA1s lacks 

the N-TAD and results in a protein with aberrant functional properties [20, 21]. The Gata1 

gene knockout in the mouse results in embryonic lethality at around day E10.5-E11.5 

due to severe anemia, with Gata1-null cells undergoing apoptosis at the proerythroblastic 

stage [22-24]. The conditional erythroid knockout in adult mice causes aplastic anemia, 

revealing its essential role in both steady-state and stress erythropoiesis [25].

Genome-wide occupancy studies (ChIPseq) have confirmed that all known erythroid 

genes are regulated by GATA1 [26-29]. These have confirmed previously known GATA1 

functions in regulating globin expression, heme biosynthesis and red cell membrane 
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genes and further revealed new GATA1 functions in transcriptionally regulating 

processes essential for erythroid maturation such as autophagy and exosome 

suppression. For example, it was shown by Bresnick and colleagues that GATA1 

activates genes involved in autophagy and in lysosomal functions, the former being an 

essential process for eliminating organelles through lysosomal clearance during 

erythroid cell maturation [30]. GATA1 was also shown to repress the exosome complex, 

an RNA-degrading and processing machine that promotes early erythroblast 

proliferation, thus allowing maturation of erythroid cells to proceed [31, 32]. In addition, 

GATA1 is critical for the positive regulation of genes involved in cell cycle regulation, 

such as GFI1B [33], CDC6 [34, 35] and p21 (Cdkn1a)[36]. GATA1 also activates genes 

important for cell survival, such as Bcl-2 (Bcl2) and Bcl-xL (Bcl2l1) [37, 38]. Furthermore, 

GATA1 has also been described as a regulator of restrictive lineage specification through 

the repression of myeloid genes in the erythroid lineage. Repressed targets of GATA1 

include Gata2, the Myb and Myc oncogenes and PU.1 (Spi1)[39]. Beyond gene 

expression regulation, GATA1 regulates the transcription of a number of miRNAs, which 

serve to fine-tune the cellular gene/proteome footprint. Specifically, GATA1 regulates the 

expression of clusters miR-27a/24 and miR144/451, which have been shown to 

modulate erythropoiesis, as their deletion causes erythroid-specific defects and 

deregulation of a plethora of erythroid-relevant lineage specification/differentiation genes 

[40-42]. Another important feature of GATA1 in the erythroid lineage differentiation, is its 

role as a chromatin bookmark as it has been shown that GATA1 binding to certain gene 

loci is preserved through mitosis, assuring the immediate expression of a given set of 

genes after resumption of cell cycling [43].

GATA1 transcription functions in erythropoiesis are mediated by the formation of 

activating and repressive transcription complexes, through GATA1 interactions with a 

number of other transcription factors, co-factors and chromatin remodeling and 

modification proteins and complexes [8]. The best studied GATA1 interactions are with 

FOG-1, the SCL/TAL1/E2A/LDB1/LMO2 complex and with PU.1 (SPI1). FOG-1 interacts 

with GATA1 through the latter’s N-ZnF in the erythroid and megakaryocytic lineages, 

with their interaction being essential for differentiation [44, 45]. Genetic studies in mice 

and the identification of disease-causing mutations in humans, confirmed the importance 

in vivo of the GATA1/FOG-1 interaction in erythropoiesis [46, 47]. GATA1/FOG-1 

mediated repression involves interactions with the NuRD (Nucleosome Remodeling and 

Deacetylating) complex, which is contacted directly by FOG-1 [48, 49]. Importantly, 

GATA1/FOG-1 interactions have a dual function in the activation of the erythroid-specific 

program, as well as the repression of alternative hematopoietic transcription programs, 
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often supported in both cases by NuRD [48-50].

Another critical GATA1 transcription complex in erythropoiesis is the so-called 

pentameric complex with the SCL/TAL1/E2A/LDB1/LMO2 factors which is associated 

with transcriptional activation [51]. The pentameric complex binds GATA-E-box motifs 

comprised of a GATA consensus sequence located proximally (7-9 bp) to an E-box 

CANNTG consensus motif bound by SCL/TAL1 [51]. These motifs occur primarily in 

erythroid specific genes that become activated by the pentameric complex [52, 53]. 

LMO2 serves as the bridge between SCL/TAL1 and GATA1 [51], whereas LDB1 

associates with LMO2 and is capable of self-association (dimerization) through its N-

terminus domain [54]. This dimerization allows LDB1-mediated long-range DNA looping 

to activate transcription, as occurs, for example, in the β-globin locus [55, 56]. GATA1 

and the myeloid transcription factor PU.1 have been reported to physically interact in 

antagonizing each other’s functions by displacing other protein co-factors and/or 

preventing DNA binding, thus influencing cell lineage commitment decisions and 

activation of associated transcription programs ([57] and references therein).  GATA1 

also interacts in erythroid cells with other transcription factors such as KLF1, SP1 and 

GFI1B [58-60], as well as with chromatin remodeling factors such as ACF/WCRF [48], 

BRG1 [61] and pRB/E2F [62]. Lastly, GATA1 interacts with the CBP/p300 histone 

acetyltransferase which mediates acetylation of the GATA1 ZnFs, modulating its DNA 

binding properties and/or protein stability (see below) [63, 64].

Cis regulation of GATA1 gene expression
GATA1 is located on the X chromosome in mouse and human and is comprised of 6 

exons distributed over 8 Kb [65]. Exon I is noncoding, exon II contains the starting codon 

for the full length GATA1 protein and exons IV and V code for the two ZnF domains. The 

Gata1 gene has been largely studied in mice. It comprises two tissue-specific promoters: 

the distal (IT) promoter drives expression of the Gata1 gene in Sertoli cells in the testis, 

whereas the proximal (IE) promoter located 8kb downstream of the IT promoter and 5’ 

of exon II, directs Gata1 expression in hematopoietic cells [66]. The transcriptional 

regulation of Gata1 in hematopoietic cells is coordinated by cis-regulatory regions 

clustered within three DNase I hypersensitive (HS) sites [67, 68]. HS1 is located between 

3.9 and 2.6kb upstream of IE; HS2 corresponds to the putative region of the Gata1 IE 

promoter and contains a double palindromic GATA site and CACCC boxes and HS3 is 

located in intron I. The regulated expression of Gata1 throughout hematopoiesis involves 

the differential contribution of these cis-regulatory elements. Thus, in the megakaryocytic 

lineage, Gata1 expression requires the  extended (317 bp) HS1 region, whereas  for 
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erythroid expression only the first 62bp of HS1 are necessary [69, 70]. In eosinophils, 

Gata1 expression is independent of the HS1 region [71], although it does require the 

double GATA motif that is present in the HS2 region [16]. Whereas utilization of the 

isolated HS sites in gene expression constructs confers normal Gata1 expression in 

committed hematopoietic cells, physiological repression of Gata1 in the HSC 

compartment requires the interspaced sequences between the HS sites [72, 73].

GATA1 expression in hematopoiesis
From earlier progenitors towards the terminally mature erythroid cell, GATA1 expression 

levels fluctuate. Most of the studies have been performed in murine model systems, while 

more recent studies tackling this aspect using single-cell approaches have been 

performed both in mouse and human models. HSCs and common myeloid progenitors 

(CMP) express very low levels of Gata1 mRNA ([73] and references therein). Gata1 

expression increases moderately in early erythroid progenitors and burst-forming units-

erythroid (BFU-E). High GATA1 expression levels have been shown in colony-forming 

units-erythroid (CFU-E): at this stage Gata1 activates the expression of the erythropoietin 

receptor (EpoR) and, in turn, EpoR mediated signals enhance the GATA1 transcriptional 

program in erythroid progenitor cells, as has been shown in vitro [37, 74-76]. After this 

point, expression levels of Gata1 gradually decrease from the proerythroblast stage as 

differentiation proceeds through the basophilic, polychromatic and orthochromatic 

erythroblast stages [73]. In summary, GATA1 mRNA is expressed at low levels in early 

progenitors, its expression levels reach a maximum prior to the proerythroblast stage 

and gradually declines towards the final maturation of erythroid cells, as has been shown 

in mice and human model systems [73, 77, 78]. GATA1 protein levels follow this pattern, 

and decrease towards terminal maturation, as was shown in mouse erythroid progenitors 

using a hanging-drop culture method, and comparing the levels of GATA1 protein in the 

same number of cells amongst successive stages of differentiation [79]. Studies using 

intracellular flow cytometry or flow cytometry analysis of bone marrow progenitors of 

GATA1-reporter transgenic mice, clearly supported this notion (Figure 1 and [78]). 

Recent studies at the single cell level have also provided renewed insight as to GATA1 

protein expression in human erythropoiesis, from hematopoietic stem and progenitor 

cells (HSPCs) to terminally differentiated erythroid cells. In one study, GATA1 protein 

could be detected at low levels in a subset of HSPCs, gradually increasing as cells 

differentiate, reaching high levels in lineage committed erythroid cells [80]. Similarly, in 

another study, GATA1 protein was clearly detectable at the CMP stage and gradually 

increased with cell commitment and differentiation through the CFU-E, proerythroblast 
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and basophilic erythroblast and orthochromatic erythroblast stages [81]. Previously, it 

has been shown that GATA1 protein levels decline at the very last stages of terminal 

erythroid differentiation [82, 83], in what appears to be a regulated event necessary for 

terminal erythroid maturation (see below).

Regulation of GATA1 mRNA translation 

The translation of the GATA1 mRNA in erythroid cells gives rise to the production of two 

protein isoforms as a result of the utilization of two ATG start codons: one in exon II which 

gives rise to full length GATA1 encoding a 413 amino acid protein and a second ATG in 

exon III which gives rise to a shorter isoform (GATA1s [84, 85]) lacking the N terminal-

most 83 amino acids, which span a so-called transactivation domain [86]. The GATA1 

mRNA has been described to have an unusual 5’ UTR structure, in that it is short and 

predicted to have a less complex secondary structure [80, 84]. These 5’ UTR features 

are generally shared by mRNAs that are associated with increased translational 

efficiencies and are particularly susceptible to changes in ribosomal levels, for example, 

in ribosomopathies [80]. Remarkably, the GATA1 5’ UTR structure is unique among a 

number of critical hematopoietic transcription factors which, on average, have longer 5’ 

UTRs with more complex predicted structures [80]. 5’ UTR swap experiments between 

GATA1 and other hematopoietic transcription factors, such as GATA2 or RUNX1, failed 

to rescue erythroid differentiation in a functional complementation assay in the Gata1-

null G1E proerythroblastic cell line [80]. Furthermore, GATA1 mRNA translation appears 

to have a greater requirement for eIF-dependent translation initiation [84]. Lastly, recent 

evidence showed that GATA1 mRNA translation also requires the ribonuclease inhibitor 

1 (RNH1) [87]. RNH1 associates with ribosomes and enhances GATA1 mRNA 

translation by enabling its recruitment to the ribosomal complex [87]. Thus, the overall 

picture emerging is that GATA1 mRNA translation is highly regulated in erythroid cells 

and disruptions in these regulatory mechanisms lead to reduced GATA1 protein levels, 

defective erythropoiesis and, ultimately, to disease (see below). Additionally, it appears 

that disruption of the complex translational regulation of the GATA1 mRNA affects 

translation of both full length GATA1 and of GATA1s [84].

Targeted degradation of mRNA by miRNAs is acknowledged as being a crucial 

checkpoint for cellular processes and tumorigenesis, however, not much is known about 

the miRNA-mediated regulation of GATA1 mRNA. In the teleost C. hamatus, the 3’ UTR 

of the GATA1 mRNA has been reported to be a target for miR-152 [88]. This interaction 

reduces the expression levels of GATA1 protein and, consequently, represses 
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hematopoiesis when miR-152 is overexpressed [88]. In mammals, regulation of GATA-

1 levels by microRNAs has not been validated yet, including miRNAs that have been 

described to modulate erythropoiesis [89-91].

Posttranslational modifications and GATA1 protein stability

GATA1 undergoes several posttranslational modifications (PTMs), including 

phosphorylation, acetylation, sumoylation and ubiquitination. Phosphorylation occurs in 

seven serine residues, of which six are constitutively phosphorylated, whereas S310 

phosphorylation, located near the C-ZnF of GATA1, is erythroid specific [92]. GATA1 

phosphorylation occurs downstream of signaling pathways in erythroid cells, the main 

one being Epo activation, which leads to PI3/AKT or MAPK phosphorylation of specific 

GATA1 serine residues [75, 92, 93]. For example, S26 is phosphorylated by MAPK upon 

stimulation by IL-3 and has been linked to improved cell survival caused by increased 

expression of Bcl-XL anti-apoptotic gene [94]. Whereas phosphorylation has been 

proposed to affect GATA1 properties such as DNA binding and transcriptional activation 

[95], DNA bending [96] or protein interactions [97], its relevance to GATA1 in vivo 

functions remains unclear [98]. 

GATA1 has also been shown to be acetylated by the histone acetyltransferase (HAT) 

CBP/p300, at evolutionarily conserved lysine residues in the carboxyl ends of its zinc-

finger domains (a.a.245-252 and a.a.308-316) [64, 99]. GATA1 protein acetylation is 

required for terminal erythroid differentiation and for GATA1 chromatin occupancy and 

transcriptional activation [63, 64, 100, 101]. Acetylated GATA1 interacts with 

Bromodomain Protein 3 (BRD3) which stabilizes GATA1 binding to chromatin [102]. 

Interestingly, the combinatorial action of GATA1 phosphorylation and acetylation has 

been proposed to signal GATA1 degradation by the ubiquitin/proteasome protein 

pathway [93]. Under this scenario, the acetylated, chromatin bound, “active” fraction of 

GATA1 becomes phosphorylated in response to specific external signals, or as part of 

the erythroid differentiation program, which in turn lead to GATA1 becoming ubiquitinated 

and targeted for degradation [93]. Ubiquitin mediated proteasomal degradation of 

acetylated GATA1 in erythroid cells appears to involve the HSP27 protein chaperone, 

which itself is subjected to regulation via posttranslational modification [103]. This 

complex regulatory network has been proposed to serve as a mean of controlling GATA1 

activity at the protein level, in response to specific signaling cues in erythropoiesis [93, 

103]. However, the in vivo relevance of such a mechanism remains unclear since 

mutating the GATA1 phoshorylatable residues does not appear to have an effect in 

erythropoiesis in vivo [98, 104], as would have been predicted by this model. In addition, 
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recent work identified the USP7 deubiquitylase as interacting with and stabilizing GATA1 

protein levels in human erythroid cells, by preventing its proteasomal degradation 

through the deubiquitination of lysine 48 [105]. However, it is not presently known how 

the USP7 mediated GATA1 deubiquitination relates to the acetylation and 

phosphorylation mediated ubiquitination of GATA1 proposed by Hernandez-Hernandez 

et al. [93].

GATA1 has also been shown to undergo sumoylation in erythroid cells [106-108]. 

Sumoylation does not appear to affect GATA1 protein levels [108], however its functional 

significance remains contradictory. One study reported that sumoylation inhibits GATA1 

chromatin occupancy and transcriptional activation [108], whereas another study 

suggested the opposite, in that sumoylation appeared to enhance GATA1 chromatin 

occupancy, subnuclear localization and transcriptional activation of a subset of 

GATA1/FOG-1 dependent target genes [107]. Either way, GATA1 sumoylation appears 

to add yet another layer to the regulation of GATA1 activity. However, the precise 

crosstalk between all of GATA1’s PTMs (acetylation, phosphorylation, sumoylation and 

ubiquitination) in regulating GATA1 protein levels and activity in vivo, remains to be 

elucidated.

Caspase mediated GATA1 protein cleavage and terminal erythroid differentiation

GATA1 protein has also been shown to be a target for caspase-mediated cleavage in 

terminal erythroid differentiation in human. In a seminal study, De Maria et al. showed 

that immature erythroid cells expressed several death receptors which, when activated 

by addition of ligand (e.g. Fas-L) or by incubation with mature erythroblasts, could inhibit 

erythroid maturation through the specific cleavage of GATA1 protein by caspases [82]. 

These observations led to the suggestion of a homeostatic mechanism whereby 

accumulation of mature erythroid cells in the erythroblastic island would lead to the 

activation of death receptors in immature cells, leading to caspase-mediated GATA1 

protein cleavage and differentiation arrest and apoptosis [82].

In a subsequent study by Ribeil et al., it was shown that caspase 3 was the predominant 

caspase activated in the nucleus of terminally differentiating erythroid cells which can 

cleave GATA1, for example, when starving erythroid precursors for Epo, resulting in cell 

death by apoptosis [83]. Furthermore, Ribeil et al. uncovered a mechanism that protects 

GATA1 from cleavage by caspase 3 activation in the nucleus during human erythroid 

cell maturation. Specifically, they showed that Epo mediated erythroblast survival and 
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terminal differentiation results in the nuclear translocation of the HSP70 protein 

chaperone and its specific interaction with GATA1 protein, thus protecting it from 

cleavage by activated caspase 3 [83]. Under conditions of Epo starvation, HSP70 

translocates out of the nucleus and no longer protects GATA1 which now becomes 

cleaved by caspase 3, thus leading to differentiation arrest and apoptosis [83]. Thus, 

HSP70 protects GATA1 from programmed caspase 3 activation in the Epo-dependent, 

early stages of erythroid cell maturation as a cell survival and differentiation protective 

mechanism, whereas at later stages, Epo-independent mature erythroid cells can signal 

death receptor and caspase activation in immature cells, leading to GATA1 cleavage 

and differentiation arrest as a homeostatic control mechanism. It is unclear whether this 

mechanism also operates in the murine system, as murine GATA1 protein does not 

share the caspase cleavage site with human GATA1 [82]. Interestingly, a recent study 

further added to the GATA1/HSP70 protective axis by showing that nuclear HSP70 and 

GATA1 protein levels were modulated by the p19INK4d cyclin-dependent kinase inhibitor 

[109]. Specifically, it was shown that p19INK4d downregulated PEBP1 

(phosphatidylethanolamine-binding protein 1), resulting in stabilized nuclear HSP70 

protein levels through increased ERK phosphorylation, known to be implicated in HSP70 

nuclear localization [109]. Importantly, the GATA1/HSP70 protective mechanism breaks 

down in hematological disorders presenting with ineffective erythropoiesis, as outlined 

below.

A recent study uncovered an additional caspase-mediated mechanism for regulating 

GATA1 protein levels in hematopoiesis [110]. Inflammasome activation in HSCs due to 

infection, led to caspase 1 activation and GATA1 cleavage and degradation, thus biasing 

cell fate decisions towards the myeloid lineage. Inhibition of caspase 1 in murine HSCs 

resulted in the upregulation of GATA1 protein and an increase in megakaryocytic-

erythroid (MegE) colony output at the expense of granulocyte-monocyte (GM) colonies, 

suggesting an evolutionarily conserved mechanism for the inflammasome regulating 

hematopoietic cell fate decisions by fine-tuning GATA1. In addition, the same study 

showed that the cleavage of GATA1 by caspase 1 was required for the final steps of 

hemin-induced erythroid differentiation in K562 cells, thus pointing at an additional 

mechanism whereby the inflammasome could regulate erythropoiesis through GATA1. 

Importantly, just like for caspase 3, GATA1 was indeed shown to be a substrate for 

cleavage by caspase 1 in vitro  [110]. 

The role of the proteasome in erythropoiesis has been highlighted through the years, 

and it is well known that proteasome-inhibitor drugs used as anti-tumoral agents, 
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especially in multiple myeloma, may cause anemia as an adverse event [111-113]. 

However, perhaps counterintuitively, chemical inhibition of the proteasome in murine 

erythroid progenitors, or loss of the proteasome shuttle protein Rad23b, results in 

reduced levels of GATA1 leading to early apoptosis in vitro and to anemia in vivo, 

respectively [114]. A better understanding of the action of the proteasome in 

erythropoiesis and how it may regulate directly or indirectly GATA1 levels, is currently 

the research focus of several groups [112, 113, 115, 116].

The effects of artificially altering GATA1 protein levels

As outlined above, GATA1 translation and protein levels are exquisitely regulated in 

hematopoiesis and it is now well established that tinkering with GATA1 protein levels has 

important functional implications and may also result in hematological disease. For 

example, the extremes of either a complete loss of GATA1 expression or GATA1 

overexpression, result in both cases in embryonic lethal anemia [22, 117]. Another study 

using inducible GATA1 expression in an immortalized GATA1-null proerythroblastic cell 

line, demonstrated differential sensitivity of target genes to the dosage of GATA1 protein 

[118]. Studies using transgenic mice under- or over-expressing GATA1 have been 

particularly useful in investigating the effects of altering GATA1 protein levels in 

hematopoiesis. Specifically, two GATA1 knockdown mouse models have been 

generated by the Yamamoto and Orkin groups expressing GATA1 at 5% or 20% of its 

physiological levels, respectively [119, 120]. The first mouse model, called GATA1.05, 

was generated by the insertion of a neomycin resistance cassette in the GATA1 promoter 

region, which resulted in GATA1 expression at 5% its physiological level [119]. 

Hemizygous male GATA1.05 embryos die from severe anemia between E11.5 and 

E12.5, suggesting that 5% GATA1 expression is not sufficient to support primitive 

erythropoiesis. Interestingly, using in vitro differentiated ES cells, it was shown that both 

GATA1.05 and GATA1-null cells resulted in reduced expression of p16INK4A and 

accelerated cell cycle progression, however, 5% of GATA1 expression was sufficient to 

maintain expression of the anti-apoptotic Bcl-XL gene, thus protecting the cells from 

apoptotic cell death normally observed with GATA1-null cells [121]. These results 

provide further evidence for subtle alterations in GATA1 expression levels having 

differential effects on the expression of GATA1 target genes. 

In contrast to male mice, heterozygous GATA1.05 female mice were born at slightly 

lower than expected Mendelian frequencies and often developed perinatally varying  

degrees of transient anemia (due to X inactivation), from which they recovered [119, 

121]. However, between 3 and 6 months of age, GATA1.05 female mice frequently 
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develop erythroleukemia, characterized by the proliferation of immature erythroid 

progenitors [122]. By contrast, heterozygous GATA1-null female mice do not present 

with erythroleukemia. The difference between the two conditions (which only differ by 

5% in the expression of GATA1), may lie in the observation that 5% of GATA1 is sufficient 

to protect cells from apoptosis, but not from uncontrollable cell proliferation [121]. By 

contrast, GATA1-null cells in a heterozygous female background would be eliminated by 

apoptosis. Thus, additional genetic events that may occur in the proliferating GATA1.05 

progenitor population can lead to leukemic transformation [122-124]. Interestingly, older 

GATA1.05 mice also develop CD19+ B-cell leukemia through a leukemogenic 

mechanism that is not yet understood, but may be related to lineage commitment 

skewing towards lymphoid fates by proliferating progenitors expressing low levels of 

GATA1 [122].

The second GATA1 knockdown mouse strain was generated by replacing an upstream 

enhancer region in the GATA1 gene locus with a neomycin resistance cassette [120]. In 

these mice, known as GATA1low mice, GATA1 expression levels were originally reported 

to be knocked down to 20% [120], although subsequent analyses have shown GATA1 

mRNA reduced by as much as 100-fold in orthochromatic erythroblasts ([125] and 

references therein). The majority of GATA1low male mice die of anemia between 

embryonic stages E13.5 and E14.5. In contrast to the GATA1.05 mice, a few GATA1low 

male mice are born alive but are severely anemic, but for some of them anemia resolves 

around 4-5 weeks of age [120]. These observations suggest that ~20% GATA1 

expression is insufficient to support primitive erythropoiesis but sufficient for adult 

erythropoiesis. Interestingly, GATA1 expression in the megakaryocytes of GATA1low 

mice is completely abolished and the mice are born with severe thrombocytopenia, 

associated with the expansion of abnormal megakaryocytic progenitors that, at 10 

months of age, develops into a myeloproliferative condition characterized by fibrosis of 

the bone marrow, closely resembling primary myelofibrosis [125, 126]. GATA1low mice 

also have defects in mast cell differentiation, as evidenced by the amplification of mast 

cell progenitors, increased apoptotic precursors and defective differentiation of mature 

cells [127]. These observations provide yet more evidence for the necessity of 

maintaining appropriate GATA1 levels to support balanced hematopoiesis.

GATA1 overexpression has also been shown to have dramatic effects in erythropoiesis 

in vivo. In particular, a mouse model was generated bearing an X-linked GATA1 

transgene driven by the Locus Control Region (LCR) of the human -globin locus (the 

GATA1-OX transgene), resulting in the overexpression of GATA1 beyond the 
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proerythroblast stage, at the moment of maximum globin transcription [117]. Male 

embryos carrying the GATA1-OX transgene die in utero in mid gestation due to anemia, 

whereas heterozygous females survive to term and develop normally. From this study it 

was shown that GATA1 overexpression at the proerythroblast stage causes cell cycle 

arrest and apoptosis of erythroid progenitors beyond the proerythroblast stage. 

Intriguingly, in heterozygous females it was shown that GATA1-OX progenitors were able 

to mature at an almost normal rate [117]. The explanation for this phenomenon lies in 

the erythroblastic island, i.e. the histological unit where erythropoiesis takes place in the 

bone marrow [128, 129]. The erythroblastic island is composed of a central macrophage 

surrounded by erythroid progenitors in successive stages of differentiation, emanating 

from the center towards the periphery of the island. It is in this periphery where mature 

erythroblasts will enucleate and the expelled pyrenocyte will be phagocytosed by the 

central macrophage [130]. In this hierarchical histological unit, erythroid cells are in 

contact and communicate with each other, thus providing an internal feedback 

mechanism measuring differentiation rate and assuring maturation and production of red 

blood cells in response to physiological demands at any given moment [131, 132]. Due 

to X-chromosome inactivation, the erythroblastic islands of heterozygous GATA1-OX 

females are chimeric in composition, i.e. approximately 50% of erythroid progenitors 

overexpress GATA1 (the X chromosome carrying the GATA1-OX transgene is active), 

and 50% of erythroid progenitors express GATA1 at normal levels (the wildtype X 

chromosome is active). Based on this, it was proposed that maturing erythroid cells in 

later stages of differentiation induce the terminal differentiation of earlier progenitors 

through cell-cell signaling mechanisms, which result in the downregulation of GATA1 

protein levels as a necessary regulatory cadency for proper erythroid terminal maturation 

[117]. This provides a mechanism to ensure a smooth production of red blood cells in 

wild type mice. However, in the heterozygous GATA1-OX females, this results in the 

“rescue” of the GATA1 overexpressing cells, which are able to differentiate when in close 

proximity to wildtype maturing erythroid cells, which provide a signal directed towards 

the downregulation of GATA1 protein levels. This signal was tentatively named “REDS” 

(red cell differentiation signal). A follow-up study using mice with different combinations 

of the GATA1-OX transgene and a GATA1-knockout allele, provided further evidence for 

REDS signaling by wildtype maturing erythroid cells: when crossed with GATA1 

knockout mice, heterozygous GATA1-OX females died in mid gestation due to anemia 

(similar to GATA1-OX males) [133]. However, to-date, the identity of the REDS 

receptor/ligand is not known. Regulation of GATA1 transcription at the terminal 

differentiation stages and recent work suggesting that REDS might act to regulate 

GATA1 levels through the inhibition of translation (L. Gutiérrez, manuscript in 
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preparation), are possibilities. Overall, the REDS signal serves as another example of 

homeostatic regulation of erythropoiesis through GATA1 protein level regulation.

Lastly, it should be noted that artificially altering GATA1 expression levels through its 

enforced expression in hematopoietic progenitors, can push them to cell fates towards 

lineages that are normally regulated by GATA1 [134, 135]. For example, ectopic 

expression of GATA1 in avian myeloid progenitors [136] or in human primary myeloid 

progenitors [137] reprogrammed them to erythroid and megakaryocytic or eosinophilic 

cell fates, respectively. These studies support the notion that different thresholds of 

GATA1 expression levels in hematopoietic progenitors, can govern cell fate decisions 

towards different lineages.

Downregulation of GATA1 protein levels and ineffective erythropoiesis
Ineffective erythropoiesis (IE) or dyserythropoiesis is a pathological feature shared by a 

number of hematological diseases such as β thalassemia, myelodysplastic syndromes 

(MDS), Diamond-Blackfan anemia (DBA), 5q-syndrome and myelofibrosis [138]. IE is 

characterized by the abnormal differentiation of erythroid progenitors resulting in an 

expanded progenitor compartment, increased destruction of abnormal erythroblasts and 

a paucity in the production of mature erythroid cells. Recent work has shown that the 

downregulation of GATA1 protein levels is a critical aspect of IE in hematological 

disease. Three mechanisms have been described to account for reduced GATA1 protein 

levels in IE: (i) inherited GATA1 mutations greatly reducing, or eliminating altogether, 

expression of the full length GATA1 protein [139, 140]; (ii) impaired translation of full 

length GATA1 [80, 84], and (iii) impaired HSP70-mediated protection of GATA1 protein 

from cleavage and degradation [141].

The best example of inherited GATA1 mutations in IE is that of Diamond-Blackfan 

Anemia (DBA). This is an inherited bone marrow failure syndrome characterized by 

anemia, macrocytosis, reticulopenia and selective reduction or absence of erythroid 

precursors (BFU-Es) in an otherwise normocellular bone marrow [142]. More than 200 

heterozygous mutations in 19 ribosomal protein (RP) genes have been recorded to-date, 

accounting for most (approximately 70%), but not all, of the DBA cases [143, 144]. 

Sankaran and colleagues were the first to identify through exome sequencing a GATA1 

mutation associated with DBA [145]. This mutation was a c.220G>C transversion that 

caused the skipping of exon 2, resulting in the loss of full length GATA1 protein, with the 

continued expression of the GATA1s isoform. Additional cases in DBA with similar 

GATA1 mutations have been reported [84, 146, 147], including a mutation that resulted 
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in the loss of the first translation initiation codon responsible for the production of full 

length GATA1 protein, again without affecting GATA1s expression [84, 147]. These 

findings are significant in explaining dyserythropoiesis in these patients, as it has been 

shown that the GATA1s isoform cannot fully support erythropoiesis [20, 21, 148]. 

Furthermore, these results show that the mutations in the GATA1 gene that give rise to 

reduced, or absent, full length GATA1 protein, in the absence of RP gene mutations, are 

sufficient to cause disease. In addition, Hollanda et al. reported a family with a similar G 

> C transition at the boundary of exon 2 in the GATA1 gene in male members, which 

also resulted in the exclusive expression of GATA1s giving rise to macrocytic anemia 

and variable neutropenia, with no apparent thrombocytopenia [149]. The differences in 

disease manifestation between the two reports of the G > C mutation in exon 2 of the 

GATA1 gene remain unclear, but it has been suggested that they may be due to 

differences in the levels of total GATA1 protein expressed [145]. Lastly, Sankaran and 

colleagues recently identified two patients with dyserythropoietic anemia and 

thrombocytopenia, due to a mutation that affects canonical splicing of the GATA1 mRNA 

[150]. Specifically, a single nucleotide change was identified 24 nucleotides upstream of 

the canonical splice site in intron 5 of the GATA1 gene. This mutation results in an 

increase in the use of the mutated site as an alternative splice acceptor site, with a 

reduction in canonical splicing. This leads to a partial intron retention event that 

introduces an extra 5 amino acids C-terminally to the C-terminal zinc finger of GATA1, 

with a concomitant reduction in the expression of wild-type GATA1 to ~ 40% its normal 

levels. Importantly, the mutant GATA1 protein was functionally inactive as it could not 

rescue erythroid differentiation in functional complementation assays in the GATA1-null 

G1E murine proerythroblastic cell line [150]. 

The analysis of the molecular basis of DBA, again provided important clues as to the 

implication of reduced GATA1 protein levels in IE in hematological disease. As outlined 

above, DBA is primarily associated with heterozygous mutations in a number of RP 

genes. It is now known that deficiencies in RPs act upstream of GATA1 in 

downregulating its protein translation levels, whilst mRNA levels remain unaffected [84]. 

In accordance with this, knocking down RPS19 expression, or that of other RP genes, 

led to a significant reduction in GATA1 protein levels resulting in deficient erythropoiesis, 

reminiscent of DBA [84]. As described above, it appears that the particular sensitivity of 

the GATA1 mRNA to RP levels is mediated by the particular sequence and structure of 

its 5’ UTR,  as it was shown that  the presence of the 5’ UTR is critical for GATA1 erythroid 

function [80]. Interestingly, mutations in the RPS14 gene were also found in patients with 

primary myelofibrosis and were again associated with reduced GATA1 protein levels and 
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impaired megakaryopoiesis [151], thus linking RP gene mutations and reduced GATA1 

protein levels in hematological disease affecting a hematopoietic lineage other than the 

erythroid lineage. Furthermore, it was recently shown that heme levels are retroactively 

involved in this spectrum of phenomena around ribosomal protein dependent GATA1 

protein level regulation [152]. This study showed that in early erythroid progenitors, heme 

induces the translation of ribosomal proteins, ensuring sustained globin synthesis. 

However, at later stages of differentiation, heme accumulation associates with 

downregulation of Gata1 through an still undescribed mechanism [152].

As described above, GATA1 protein is normally protected from caspase-mediated 

cleavage in the early stages of erythroid differentiation, through its interaction in the 

nucleus with the HSP70 protein chaperone [83]. This GATA1 protective mechanism 

appears to break down in hematological disorders manifesting with IE, such as DBA and 

myelodysplastic syndromes (MDS). In DBA, it was recently shown that HSP70 protein is 

downregulated due to its increased ubiquitination and proteasomal degradation in 

RPL11- and RPL5-deficient human primary erythroid cells, but not in RPS19-deficient 

cells, resulting in proliferation and differentiation defects and increased apoptosis in 

erythroid cells, resembling DBA features [153]. A subsequent study showed a 

disequilibrium of globin chain and heme synthesis in RPL11- and RPL5-deficient human 

erythroid cells, resulting in excessive free heme which downregulated HSP70 protein 

[154]. The study by Doty et al. also suggests that aberrant accumulation of heme, 

contributes to the amplification of ribosomal protein imbalance, thus causing premature 

downregulation of GATA1 levels, responsible for the IE that is characteristic of DBA and 

MDS [152]. Hence, it is clear in that in DBA, HSP70 downregulation results in a significant 

drop in GATA1 protein levels due to caspase mediated cleavage, which underlies the 

observed erythroid maturation defects [153]. The HSP70 mediated protection of GATA1 

is also disrupted in β-thalassemia, which also manifests with IE. Here, it was shown in 

primary human β-thalassemic erythroblasts that free α-globin chains sequester HSP70 

to the cytoplasm, resulting in significant downregulation of nuclear GATA1 protein and a 

blockade in terminal erythroid differentiation [155]. Lastly, myelodysplastic syndromes 

are clonal disorders also characterized by IE associated with defective erythroid 

maturation and increased apoptosis of erythroid precursors [138]. Here too, it was shown 

that nuclear GATA1 protein was significantly lower as a result of aberrant HSP70 

localization in the cytoplasm, accounting for the blockade in erythroid differentiation in 

MDS [141]. Thus, downregulation or absence of full length GATA1 protein in erythroid 

precursors, either directly through mutations in the GATA1 gene itself, or indirectly 

through defects in GATA1 mRNA translation or the breakdown of the HSP70/GATA1 
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protective axis, result in defective erythropoiesis and disease. This is an addition to 

hematological deficiencies or malignancies affecting other hematopoietic lineages, 

where downregulation or loss of the full length GATA1 protein play a causative role, for 

example, in primary myelofibrosis affecting the megakaryocytic lineage [125] or in 

trisomy 21 associated transient myeloproliferative disorder (TMD), acute 

megakaryoblastic leukemia (AMKL) and clonal eosinophilia [156, 157].  

Interestingly enough, a balanced erythropoietic production is disturbed in the presence 

of subjacent inflammation, a phenomenon that has been named as anemia of 

inflammation or anemia of chronic disease. The most frequent scenario occurs when the 

body feels a need to increase white blood cell (WBC) production in response to infection, 

at the expense of red blood cell (RBC) production; in this case, the anemia is caused by 

a rise in IL-6 and hepcidin levels, with subsequent inhibition of iron absorption, ultimately 

resulting in reduced erythropoiesis [158]. It has been shown that inflammatory molecules 

themselves (i.e. TNFα, IL6, IFN) are able to promote lymphoid production at the 

expense of the erythroid compartment, either skewing lineage specification, or even 

targeting directly GATA1 levels in erythroid progenitors [159-161]. It has been shown 

that the proinflammatory cytokine TNF, induces an erythroid defect in K562 cells in 

vitro. The molecular mechanism implies downregulation of both GATA1 mRNA and 

protein levels and decreased GATA1 DNA binding capacity. The study by Buck et al 

identifies GATA2-dependent transcriptional deregulation of GATA1, proteasome-

dependent degradation of GATA1, and altered post-translational modification of GATA1 

(acetylation) as a consequence of TNF treatment [161]. Curiously, another study 

showed that, in vitro, hematopoietic precursors bearing mutations in RPS19 (accounting 

for 25% of mutations associated with DBA), present with deficient erythropoiesis which 

is accompanied by overproduction of TNF by co-cultured non-erythroid cells. Addition 

of the TNF inhibitor Etarnecept overcomes partially the erythroid defect [158]. Bibikova 

et al apply this therapeutic strategy on an experimental zebrafish morphant model 

deficient for rps19, which phenocopies the dyserythropoiesis and TNF increase of DBA, 

and are able to rescue partially the erythropoietic defect by inhibiting TNF [159]. In a 

transgenic mouse model of anemia of chronic disease, characterized by enhanced 

CD27-mediated costimulation and a strong increase in the formation of IFN-producing 

effector T cells, progressive anemia is due to inhibition of erythropoiesis through the IRF-

1-dependent activation of PU.1 transcription factor in hematopoietic precursors [159]. 

This exemplifies how the hematopoietic production balance is self-regulated through 

transcriptional reprogramming of hematopoietic precursors, GATA1 being a main 
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physiological target the levels of which fine-tune erythroid production in health and in 

disease through natural mechanisms that could be used to develop novel and efficient 

therapeutic strategies in well-known erythroid-related disorders.

Conclusions

The fine-tuning of GATA1 protein levels has emerged as a key mechanism for regulating 

erythropoiesis. High GATA1 protein levels are required in the EPO-dependent early 

stages of erythropoiesis in providing cell survival functions, in addition to activating the 

erythroid transcription program. Adequate GATA1 protein levels in the early stages of 

erythroid differentiation are ensured by the efficient translation of GATA1 mRNA and its 

protection from cleavage by activated caspase 3 through GATA1’s interaction with the 

HSP70 protein chaperone. Subsequently, GATA1 needs to be drastically downregulated 

for the terminal stage of erythroid maturation to take place, in a homeostatic mechanism 

that balances the production of red blood cells depending on surplus or demand. GATA1 

protein levels also affect cell fate decisions, as evidenced by the reprogramming of 

myeloid progenitors towards MegE fates by GATA1 overexpression. Furthermore, 

inflammasomes appear to exploit the caspase-mediated cleavage of GATA1 in HSCs in 

order to tip the balance towards enhanced myeloid differentiation in response to 

infection. Lastly, the combined action of GATA1 post-translational modifications has 

been proposed as a mechanism to control the active, chromatin-bound fraction of GATA1 

by targeting it for proteasomal degradation as a mechanism for regulating GATA1 

transcriptional activity in response to signals (Figure 2). It has also become clear that, in 

addition to genetic mutations affecting GATA1, defects in the different levels of regulatory 

checkpoints for physiological GATA1 expression also play a key role in the 

physiopathology of disease hematological diseases associated with inefficient 

erythropoiesis. With the advent of novel, unbiased, single cell-based technologies, we 

stand to gain a much better understanding of GATA1 regulatory mechanisms and the 

cascading effects of their deregulation in vertebrate hematopoiesis and in human 

disease. Newly gained knowledge will help the development of novel therapies targeting 

the restoration of GATA1 regulation in treating inefficient erythropoiesis and anemia in 

hematological disease in man.
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Figure Legends:

Figure 1: GATA1 protein levels during murine erythroid differentiation

Intracellular flow cytometry analysis of GATA1 protein expression in mouse fetal and 

adult tissues. In brief, one million cells were stained with Ter119-PE antibody (fetal 

tissues) or a cocktail of KIT-PECy7/CD71-APC/Ter119-PE (adult tissues), and 

subsequently fixed and permeabilized using BD Cytofix/Cytoperm kit (BD Biosciences), 

after which they were incubated with anti-GATA1-N6 antibody (1:100) followed by anti-

rat-FITC antibody (1:100) with a wash step after each incubation.

A) GATA1 protein levels were assessed using intracellular flow cytometry in murine fetal 

liver and fetal blood at E13.5. Representative data shown. In the top row, dot plots are 

depicted representing  GATA1 expression level (MFI) against the Forward Scatter in fetal 

liver and fetal blood samples of the same mouse. In the mid row, dot plots are depicted 

of GATA1 levels (MFI) against Ter119 surface expression, including the Forward Scatter 

variable as a Heatmap Statistic colorcode in fetal liver and fetal blood samples of the 

same mouse. The plots on the right depict the overlay of respective fetal liver (red) and 

fetal blood (blue) samples on both rows. The bottom row is a composite figure, where 

representative pictures from cytospins of erythroid differentiating cells in vitro in hanging 

drop assays [79] and fetal blood nucleated and enucleated erythroid cells [133], are 

overlayed on the mid-row plots, as an indication of how differentiation takes place, with 

the remark that these cells do not correspond to prospectively isolated cells from the 

same samples. On the bottom right, a grapg depicting GATA1 expression levels 

(GeoMFI) in succesive stages of differentiation in fetal liver samples from 9 mice, based 

on Forward Scatter and Ter119 expression. “Enuc” means enucleated. 

B) GATA1 protein levels were assessed using intracellular flow cytometry in murine bone 

marrow cells (data provided by Dr. Martijn Nolte). On the left, dot plots are depicted 

representing GATA1 expression level (MFI) against the Forward Scatter (top), and 

against Ter119 surface expression, including the Forward Scatter variable as a Heatmap 
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Statistic colorcode (bottom). The graph represents GATA1 expression levels (GeoMFI) 

in successive stages of erythroid maturation based on surface marker expression, in 5 

mice. The populations are from immature to mature, as follows: KIT+CD71-Ter119- 

(which includes other hematopoietic progenitors than erythroid), KIT+CD71+Ter119-, KIT-

CD71+Ter119+ and KIT-CD71-Ter119+. The picture of maturing erythroid cells, is a 

composite of differentiating cells in hanging drop assays in vitro [79], and is used to 

exemplify how erythroid differentiation takes place, from left to right, following the order 

of gated populations in the bone marrow. 

Figure 2: Model of GATA1 protein level regulation during erythroid maturation

Summary of the different mechanisms regulating GATA1 protein abundance, which lead 

to disease when deregulated.
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