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Abstract
The members of the GATA family of transcription factors have homologous zinc fin-

gers and bind to similar sequence motifs. Recent advances in genome-wide technolo-

gies and the integration of bioinformatics data have led to a better understanding of

how GATA factors regulate gene expression; GATA-factor-induced transcriptional

and epigenetic changes have now been analyzed at unprecedented levels of detail.

Here, we review the results of genome-wide studies of GATA factor occupancy in

human and murine cell lines and primary cells (as determined by chromatin immuno-

precipitation sequencing), and then discuss the molecular mechanisms underlying the

mediation of transcriptional and epigenetic regulation by GATA factors.
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1 | INTRODUCTION

The GATA family of transcription factors comprises six
members (GATA1–GATA6) that are expressed in various
cell types and are involved in numerous physiologic and
pathologic processes. All GATA factors have two highly
conserved central zinc-finger DNA-binding domains, which
recognize a GATA sequence motif (Figure 1). The C-
terminal and N-terminal regions are less well conserved, and
the N-terminal region contains activation domains.

Here, we review the results of the main genome-wide
studies of GATA factor chromatin occupancy. These studies
have highlighted the GATA factors' pivotal role in the

modulation of gene expression and in the biology and devel-
opment of various cell types.

2 | GATA1

The transcription factor GATA1 is expressed mainly in the
hematopoietic system and specifically in erythroid and
megakaryocytic cells, mast cells, eosinophils, and basophils.
GATA1 is expressed in both early megakaryocytic-erythroid
progenitors and terminally differentiated megakaryocytic
and erythroid precursors, where it drives the transcriptional
programs associated with the commitment and differentia-
tion of hematopoietic stem/progenitor cells (HSPCs) toward
these lineages.2,3 Furthermore, GATA1 is required for the
development of mast cells, eosinophils, and basophils.4–7

GATA1 genome-wide occupancy has been studied in
murine and human erythroid and megakaryocytic cell lines
and primary cells (Table 1, Table S1). This factor mainly
occupies intergenic and intragenic regions (particularly
intron 1). Only a small proportion of GATA binding sites
map to promoter regions—suggesting that GATA1 primarily
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acts via long-range chromatin interactions.8–16 Initially, it
was shown that GATA1 binds to a WGATAR sequence
motif. However, genome-wide studies of GATA1 chromatin
occupancy have revised this original sequence motif and
have highlighted the presence of single and dual (tandem or
palindromic) GATA1 motifs and composite elements con-
taining a sequence motif for collaborative transcription fac-
tors (for a review, see17).

GATA1 functions as either an activator or a repressor,
depending on the gene context. Genome-wide studies
suggested that the effect on gene expression is exerted not
only by GATA1 but also by additional factors (other tran-
scription factors, co-factors, and chromatin modifiers) that
are recruited to a specific locus. In erythroid cells, GATA1
forms a complex with TAL1/SCL, LBD1, E2A, and LMO2.
The complex then recognizes a GATA/E-box motif (a typical
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FIGURE 1 The structure of the GATA factors, their binding motifs, and the proteins that cooperate with them, as determined in genome-wide
chromatin occupancy studies (upper panel). A schematic representation of the structure of the GATA factors, created with ProteinPaint (https://
proteinpaint.stjude.org/). Activation domains are highlighted in red, and zinc finger domains are highlighted in blue. Dashed lines in the structure
represent exon junctions (lower panel, left). Sequence motifs determined using genome-wide ChIP-seq data were obtained from the HOCOMOCO
database (http://hocomoco11.autosome.ru/).1 For GATA1 and GATA2, the E-Box motif recognized by TAL1 upstream of the GATA motif is
shown (lower panel, right). Proteins cooperating with GATA factors, as determined in genome-wide chromatin occupancy studies. DNA motifs and
cooperating partners are not reported for GATA5 because no ChIP-seq data are available
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GATA1/TAL1 composite motif) and produces a general
upregulation of gene expression. In this context, co-binding
of TAL1/SCL and GATA1 occurs more frequently in acti-
vated genes than in repressed genes.8,9,12,16,18–25 Further-
more, the looping factor LDB1 is involved in the
GATA1-mediated activation of several erythroid-specific
genes via long-range enhancer-promoter interactions (for a
review, see Reference 26). In contrast, a subcomplex of
GATA1 and LDB1 lacking TAL1/SCL is present at
repressed genes.21 However, TAL1/SCL is still present at
some repressed genes8,18,27 where, in concert with GATA1,
it might exert a repressive activity.12 Indeed, several studies
in both erythroid and non-erythroid cell types showed that
TAL1/SCL can have a role in gene repression by recruiting
co-repressors, such as SIN3A, ETO, and the polycomb
repressive complex 2.27–30 Moreover, the lack of TAL1/SCL
accounts only for a small proportion of repressed genes.23 In
megakaryocytic cells, co-binding of GATA1 and TAL1/SCL
is also associated with gene induction.11,16

GATA1 interacts and/or cooperates with several other
transcription factors and cofactors (e.g., KLF1, GFI1B,
FOG1, SMAD, TCF, ETS factors, and
RUNX1).9,11,13,16,18,31–36 Several studies have defined the
genome-wide profile of many of these factors and
highlighted their functional interaction with GATA1. It is
known that GATA1 can interact with the erythroid transcrip-
tion factor KLF1,32 although the extent of colocalization is
still subject to debate.24,25,37,38 However, GATA1 and KLF1
were shown to bind conjointly to several erythroid enhancers

and genes and thus cooperate in the gene induction
process.15,24,25,32,39–41 The transcriptional repressor GFI1B
and GATA1 co-bind to some gene loci that are repressed
upon erythroid development—suggesting that the two fac-
tors cooperate to repress gene expression in erythroid
cells.9,27 The transcriptional co-factor FOG1 is required for
GATA1 activating or repressing activity at many loci in ery-
throid and megakaryocytic cells,33–35,42 although genome-
wide studies of FOG1 occupancy have not yet been per-
formed. In erythroid cells, GATA1 co-occupies active
enhancers together with the SMAD and TCF transcription
factors activated during hematopoietic regeneration by stim-
ulation of the BMP and Wnt signaling pathways, respec-
tively.36 In megakaryocytic cells, GATA1, ETS factors, and
RUNX1 co-occupy regulatory regions and cooperate to
upregulate megakaryocyte-specific gene expres-
sion.11,13,16,18,31 Interestingly, the presence of ETS and
RUNX1 binding sites constitutes the main difference
between GATA1-bound active regulatory elements in mega-
karyocytic cells and those in erythroid cells.13,16,18

GATA1 also forms complexes with chromatin remo-
deling and modifying factors (the nucleosome remodeling
and deacetylase [NuRD] complex, BRG1, and BRD
factors),12,43–46 histone-modifying enzymes (CBP/p300,
Dot1l, and histone deacetylases [HDACs])47–49 and
polycomb-group members (Suz12, a subunit of the PRC2
complex).9 In erythroid cells and megakaryocytes, NuRD
mediates both activation and repression of GATA1 target
genes,42 whereas BRG1 (the ATPase subunit of the

TABLE 1 GATA1 ChIP-seq data sets

Organism Cell type # Data sets # Samples References

Homo sapiens Hematopoietic progenitors 1 2 Huang et al. 2016

Erythrocyte precursors 8 15 Canver et al. 2017; Pinello et al. 2014;
Su et al. 2013; Kang et al. 2012; Xu et al. 2012; Trompouki
et al. 2011; Hu et al. 2011

Megakaryocytes 1 1 Tijssen et al. 2011

Erythroleukemia cell lines 5 12 Huang et al. 2018; Trompouki et al. 2011;
Pencovich et al. 2011; Fujiwara et al. 2009

Colonrectal cancer cell lines 1 1 Yan et al. 2013

Mus musculus Hematopoietic progenitors 4 4 Scialdone et al. 2016; Goode et al. 2016;
Li et al. 2013; May et al. 2013

Erythrocyte precursors 6 9 Hughes et al. 2014; Wontakal et al. 2012;
Wu et al. 2011

Erythroid cell lines 11 24 Stonestrom et al. 2015; Jain et al. 2015;
May et al. 2013; Kadauke et al. 2012;
Trompouki et al. 2011; Wu et al. 2011;
Cheng et al. 2009; Yu et al. 2009

Megakaryocytes 2 1 -

Megakaryocytic cell lines 4 9 Chlon et al. 2015; Byrska-Bishop et al. 2015;
Chlon et al. 2012; Doré et al. 2012
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SWI/SNF chromatin remodeling complex) shifts nucleo-
somes away from the GATA1 binding sites and thus facili-
tates TAL1/SCL binding and transcriptional activation upon
erythroid differentiation.12 In erythroid cells, the
bromodomain and extraterminal domain (BET) family mem-
bers BRD2, BRD3, and BRD4 facilitate GATA1-mediated
transcriptional activation but are not essential for repres-
sion.45,46 GATA1 associates with CBP/p300
acetyltransferases, HDACs, and the histone H3 lysine
79 methyltransferase Dot1l.47–49 On the genome-wide scale,
active histone modifications (e.g., H4K16 and H3K27ac,
mediated by CBP/p300, and H3K4me1, 2, and 3) and the
elongation mark H3K79me2 (produced by Dot1l) are
enriched in GATA1-occupied regions in erythroid
cells,8,10,12,24,25,50 while H3K27me3 (mediated by the PRC2
complex) is present at lower levels at GATA1-occupied
regions.8,24 In particular, in erythroid cells, GATA1 binds to
both active promoters (H3K4me3+ and H3K27ac+) and
bivalent promoters (H3K4me3+ and H3K27me3+), and
binds more to active, highly acetylated enhancers than to
poorly acetylated enhancers.50 The histone modifications
distinguish active genes from inactive genes but do not dis-
tinguish genes activated from genes repressed by GATA1
upon erythroid differentiation—suggesting that chromatin
states are established at the lineage commitment stage in
early progenitors (lineage priming).8,23 However,
H3K27me3 has been found at some repressed genes in ery-
throid and megakaryocytic cells, which suggests that PRC2
is involved in the epigenetic silencing of a subset of
GATA1-repressed genes.8,9,13,24 In erythroid cells, this sub-
set of genes shows low TAL1/SCL occupancy,8 is involved
in non-erythroid cell fate, and is strongly silenced. However,
genes that are downregulated but still expressed in erythroid
cells have low H3K27me3 levels and are involved in house-
keeping processes.24

GATA1 drives major transcriptional changes during ery-
throid differentiation. GATA1-targeted genes differentially
expressed upon erythroid differentiation have multiple
GATA binding sites, which are located closer to the tran-
scription start site8,9,51 than for non-differentially expressed
genes. Interestingly, these differences are more pronounced
for upregulated genes than for downregulated genes.8

Upregulated GATA1-targeted genes are involved in heme
biosynthesis and erythrocyte differentiation, whereas down-
regulated GATA1-targeted genes are involved in RNA
processing, translation, ribosome biogenesis, autophagy, cell
proliferation, early hematopoiesis, and myeloid/immune sys-
tem development.24 Interestingly, GATA1 represses the
myeloid/lymphoid master regulator PU.1 and PU.1-regulated
genes15 and silences mast-cell specific genes.52

Similarly, during megakaryocytic differentiation, GATA1
activates cell-specific genes and silences genes associated with

the immature, proliferative state and alternative lineages.13,16

For example, GATA1 likely represses mast-cell specific genes
via FOG1 and NuRD,52 as observed in erythroid cells.

Given its prominent role in erythroid and megakaryocytic
cells, in humans GATA1 mutations cause dyserythropoietic
anemia and/or thrombocytopenia, X-linked thrombocytope-
nia and thalassemia, and congenial erythropoietic
porphyria.53–56 Compared with wild-type GATA1, mutants
unable to bind to FOG1 either have different DNA binding
preferences (leading to aberrant gene expression)14 or
showed a reduced binding to regions where an association
with FOG1 is required.57 Other GATA1 mutants are associ-
ated with poor recruitment of the TAL1/LMO2 complex.57

Mutations leading to the exclusive production of a short
GATA1 protein isoform lacking the N-terminus (GATA1s)
are associated with myeloproliferative disorders58 and acute
megakaryocytic leukemia in children with Down syn-
drome59,60 or with impaired erythropoiesis.61 Mutations that
lead to the expression of the GATA1s isoform are also
observed in some patients with Diamond-Blackfan
anemia—a bone marrow failure syndrome characterized by
macrocytic anemia.62 Genome-wide studies have shown that
GATA1s binding is impaired at erythroid target genes but
not at megakaryocytic target genes.63,64

3 | GATA2

GATA2 is expressed in multipotent HSPCs,
erythroid/megakaryocytic committed progenitors/precursors,
eosinophils, and mast cells. This factor is essential for
maintaining hematopoietic progenitors but is also required
for the terminal differentiation of eosinophils and mast
cells.65–67 In humans, mutations in GATA2 are associated
with immunodeficiencies, myeloproliferative disorders, and
myeloid leukemia. These mutations either lead to
haploinsufficiency or to the generation of GATA2 mutants
with impaired transcriptional activity, dominant negative
activity, or increased transactivation activity.53,55 Heterozy-
gous GATA2 mutations that reduce or abrogate GATA2
transcriptional activity resulted in four human syndromes
often associated with myelodysplastic syndrome (MDS)/
acute myeloid leukemia (AML): (a) monocytopenia/Myco-
bacterium avium complex; (b) dendritic cell, monocyte, B
and natural killer lymphoid deficiency; (c) Emberger's syn-
drome; and (d) familial MDS/AML. The first three disorders
cause alterations in the immune system (i.e., low monocyte,
B cell, NK cell, and dendritic cell counts) and thus indicate
that GATA2 also has an important role in the development
of the immune system.53–56,68,69 Activating GATA2 muta-
tions have been identified in chronic myeloid leukemia and
were also associated with an enhanced inhibitory effect on
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PU.1—a transcription factor essential for myeloid cell
differentiation.53–56,68,69

GATA2 is also expressed in a variety of non-hematopoietic
tissues (mesenchymal stem cells, endothelium, central nervous
system, urogenital organs, lung, prostate, and endometrium)
and cancers (lung and prostate cancers).56,70

GATA2 genome-wide occupancy has been studied in
murine and human cell lines and primary cells, including
multipotent progenitors, and erythroid, megakaryocytic and
mast cells (Table 2, Table S2). Like GATA1, GATA2 binds
mostly to intragenic and intergenic regions.11,13,71,72

Genome-wide GATA2 chromatin immunoprecipitation
sequencing (ChIP-seq) studies identified the expected
GATA motif at GATA2-bound regions.13,71–75 However,
compared to GATA1, GATA2-bound sequences contain
novel GATA-related motifs and GATA2 motif usage
changes in different cell types.74

GATA2 has mainly been described as a positive regulator
of gene expression. Critical GATA2 partners include TAL1/

SCL, LYL1, LMO2, RUNX1, the ETS factors, and
FOG1.71,76–79 Genome-wide studies have shown that
GATA2 cooperates with some of these factors to regulate
gene expression. In HSPCs, GATA2 forms a regulatory
complex with TAL1/SCL, LYL1, LMO2, RUNX1, and the
ETS factors ERG and FLI1. This complex binds to the regu-
latory regions (i.e., active H3K27ac+ enhancers) of genes
involved in HSPC biology.71–73 In HSPCs, GATA2 marks a
subset of bivalent H3K27me3+ H3K4me3+ regulatory
regions that are bound by GATA1 upon erythroid differenti-
ation and tend to be located close to erythroid-specific
genes—suggesting that GATA2 is at least partially involved
in lineage priming.16,41,51,71,72 Lastly, upon activation of the
BMP and Wnt signaling pathways in HSPCs, SMAD and
TCF co-occupy GATA2-bound enhancers associated with
actively transcribed genes and enhance transcriptional acti-
vation by GATA2.36

In megakaryocytes, GATA2-occupied regions are gener-
ally enriched in the activating H3K4me3 mark, although

TABLE 2 GATA2 ChIP-seq data sets

Organism Cell type # Data sets # Samples References

Homo sapiens Hematopoietic progenitors 2 2 Beck et al. 2013; Trompouki et al. 2011

Erythrocyte precursors 2 3 Huang et al. 2016; Shearstone et al. 2016

Megakaryocytes 1 1 Tijssen et al. 2011

Erythroleukemia cell lines 6 10 Mazumdar et al. 2015; Trompouki et al. 2011; Fujiwara
et al. 2009

Endometrial stromal cells 1 1 Mika et al. 2018

Trophoblast progenitors 1 3 –

Endothelial cell lines 3 7 Wang et al. 2019; Linnemann et al. 2011

Prostate cancer cell lines 4 15 Chaytor et al. 2019; Zhao et al. 2016; Wu et al. 2014

AML cell lines 6 9 Yi et al. 2019; Loke et al. 2017; Sotoca et al. 2016;
Katsumura et al. 2016; Mandoli et al. 2016

Reprogrammed fibroblasts 1 4 Gomes et al. 2018

Neuroblastoma cell lines 1 1 –

Colonrectal cancer cell lines 1 1 Yan et al. 2013

Mus musculus Hemangioblasts 1 1 Goode et al. 2016

Hematopoietic progenitors 7 6 Hamey et al. 2017; Goode et al. 2016;
Billing et al. 2016; May et al. 2013; Li et al. 2011; Wilson
et al. 2010

Erythroid cell lines 6 12 May et al. 2013; Trompouki et al. 2011;
Wu et al. 2011

Myeloid cell lines 2 2 Schütte et al. 2016

Megakaryocytic cell lines 1 1 Doré et al. 2012

Mast cells 2 2 Calero-Nieto et al. 2014; Moignard et al. 2013

Trophoblast progenitors 1 1 Home et al. 2017

Uterus 1 1 Rubel et al. 2016

Fibroblast cell lines 1 2 Tolkachov et al. 2018

Sarcoma cell lines 1 2 Tolkachov et al. 2018
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some of these regions map to H3K27me3 domains.13

GATA2 together with GATA1, TAL1/SCL, RUNX1, and
the ETS factor FLI1 binds primarily to active promoters, and
upregulates megakaryocyte-specific gene expression.11 The
ETS1 factor is a key determinant of GATA2 site selection in
megakaryocytes, and is associated with GATA2-mediated
target activation.13 In HSPCs, megakaryocyte-associated cis-
regulatory elements are bound by GATA2 and HSPC-
expressed transcription factors (LYL1, TAL1/SCL, FLI1,
ERG, RUNX1, and LMO2), indicating that transcriptional
priming of megakaryocyte-specific genes occurs in
HSPCs.16 Furthermore, GATA2 is thought to have an exten-
sive role in late megakaryopoiesis as a transcriptional repres-
sor of genes expressed in HSPCs and alternative lineages.16

Lastly, in mast cells, GATA2 activates cell-specific genes80

in concert with the mast cell-specific transcription factors c-
FOS and MITF.75,81

Genome-wide ChIP-seq studies of GATA2 occupancy
have been performed in leukemic and prostate cancer cells.
In AML, p38/ERK signaling causes GATA2 phosphoryla-
tion that leads to increased GATA2 chromatin occupancy,
and GATA2-mediated induction of selected target genes
(including IL1B and CXCL2); this activates a positive-
feedback mechanism that promotes AML cell prolifera-
tion.82 In prostate cancers, GATA2 is often overexpressed
and is associated with tissue invasion, metastasis, and thus a
poor prognosis.83 In an androgen-dependent prostate cancer
cell line, GATA2 colocalizes with the androgen receptor
(AR, a ligand-activated transcription factor) and its co-factor
FOXA1, and positively regulates the AR transcriptional pro-
gram.84,85 Like FOXA1, GATA2 acts as a pioneer transcrip-
tion factor for AR.84 GATA2 binds to AR target gene
enhancers prior to hormone stimulation. GATA2 then
recruits p300 to induce an accessible chromatin environment
and the Mediator subunit MED1 to facilitate chromatin loop
formation between AR enhancers and the target promoter.84

Moreover, GATA2 directly promotes the expression of the
AR before and after androgen stimulation.84 In cell lines
derived from an aggressive, castrate-resistant (antiandrogen-
resistant) prostate cancer, GATA2 is a critical regulator of
the transcriptional activity of a constitutively active AR vari-
ant; an interaction with BET proteins facilitates GATA2
chromatin occupancy and promotes the expression of cell-
cycle-related genes targeted by GATA2 and regulated by the
AR variant—thus favoring cell proliferation and disease
progression.86

4 | THE GATA2-TO-GATA1 SWITCH

During erythropoiesis, the GATA2 locus is shut down, while
GATA1 levels increase; this phenomenon is known as the
“GATA switch.” The handover from GATA2 to GATA1 is

essential for the expansion, survival, and terminal differenti-
ation of erythroid cells via the up- or downregulation of sev-
eral genes.87–89 Genome-wide studies have shown that the
GATA switch during erythroid differentiation occurs at
many regulatory regions during the erythroid differentiation
of murine erythroid cell lines23 and human primary
multipotent progenitor and committed erythroid precur-
sors.51 A time-course analysis in erythroid cells differentiat-
ing from a multipotent mouse progenitor cell line suggested
that GATA2 is retained during recruitment of GATA1 in the
early erythroid commitment stage.74

ChIP-seq analyses have shown that genes associated with
GATA2-bound regulatory regions in HSPCs that fail to recruit
GATA1 in erythroid cells tend to be downregulated.51,74 In
contrast, de novo binding of GATA1 is more often associated
with genes that are upregulated in primary erythroid cells.51,74

In the mouse, regulatory elements that undergo the GATA
switch are located close to genes that tend to be upregulated.74

Upon human erythroid differentiation, the GATA switch
occurs at enhancers that are mostly either constitutively active
or active only in differentiated erythroblasts, whereas only a
small fraction of the enhancers lost upon erythroid differentia-
tion undergo the GATA switch.51

In contrast to erythroid differentiation, GATA-2 expres-
sion is not rapidly downregulated during megakaryocyte
maturation. However, evidence of a GATA2-to-GATA1
switch was reported in megakaryocytes, where it was associ-
ated with transcriptional activation or repression and
GATA2 and GATA1 acted oppositely on target genes.13,16

5 | GATA3

GATA3 is expressed in lymphoid cells, mammary gland,
central nervous system, skin, inner ear, kidney, and adrenal
and parathyroid glands.56,70,90–95 Indeed, GATA3 expres-
sion is fundamental for the development of these organs,
and its dysregulation is involved in diseases such as T cell
acute lymphoid leukemia (T-ALL), breast cancer, neuroblas-
toma, and hypoparathyroidism, sensorineural deafness, and
renal disease syndrome.96–100

GATA3 has an essential role during T cell develop-
ment.90,91 In order to investigate the role of
GATA3-mediated transcriptional regulation in this process,
several groups have performed ChIP-seq for GATA3 at dif-
ferent stages of murine101–105 and human T cell develop-
ment106,107 (Table 3, Table S3). The level of GATA3
expression varies with the developmental stage: higher
levels of GATA3 were detected in double-negative thymo-
cytes and T helper 2 (Th2) cells, while lower levels were
present in double-positive thymocytes and Th1 cells.101 The
number of GATA3 binding sites ranged from a few hundred
to several thousand, and was correlated with GATA3
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expression levels.101,102 The analysis of GATA3 ChIP-seq
profiles at different stages of T cell development showed
that GATA3 genome-wide occupancy is cell-specific: dis-
tinct sets of GATA3-bound genes were identified at each
stage in T cell development, whereas only a few binding
sites were conserved among the various T cell types; these
findings suggest that in each cell context, distinct co-factors
may have critical roles in the differential binding of
GATA3.101 By the way of example, the genomic distribu-
tion of GATA3 binding profiles differs in human Th1 versus
Th2 cells, and GATA3 distribution in Th1 cells is mediated
by T-bet (the Th1 master regulator).107

GATA3 can act as transcriptional activator or repressor,
and its binding sites have been found to be enriched at open
chromatin regions (predominantly distal enhancers but also
promoters).101–103,106,107 The GATA3 binding sites mainly
correspond to distal regulatory elements with active
(H3K4me1 and H3K4me2) and repressive (H3K27me3) his-
tone marks that strongly correlated with target gene activa-
tion and repression, respectively.101,103,107 In some loci,
GATA3 occupancy precedes the full activation of regulatory
elements—suggesting a possible role as pioneer transcrip-
tion factor.103

Motif analyses have shown that WGATAA is the pre-
dominant enriched motif at the center of GATA3 binding
sites.101–103,106,107 Moreover, ETS and RUNX motifs were
found to be neighboring secondary motifs at GATA3

binding sites.101–103,106 Furthermore, ChIP-seq analyses of
the ETS factor FLI1 in Th2 cells and RUNX1 in T-ALL cell
lines showed that both factors colocalize with
GATA3.101,108 These findings suggest that GATA3 cooper-
ates with FLI1 and RUNX1 to regulate the transcription of
its target genes. GATA3 also interacts directly with
BCL11B, a zinc finger transcription factor that is essential
for T cell development.105 BCL11B binds to a subset of
GATA3 binding sites and controls both GATA3-mediated
gene activation and repression—indicating that this tran-
scription factor has an important role in the fine-tuning of
GATA3 transcriptional activity.105

GATA3 transcriptionally regulates key stages of T-
lineage differentiation—particularly T cell commitment and
Th2 cell specification. During T cell commitment (after the
initial strong Notch signal that induces T-lineage specifica-
tion), GATA3 controls the progression of T-lineage differen-
tiation at various levels. Firstly, GATA3 directly regulates
the expression of several critical T-lineage specific genes,
including T-cell receptor components and several transcrip-
tion factors.101,103,106 Secondly, it prevents differentiation
toward other lineages by repressing genes associated with
NK and B cell development.106 Thirdly, it modulates the
expression of Notch target genes, leading to the overall
reduction in Notch signaling required for the progression of
T-lineage differentiation.106 In Th2 cells, GATA3 acts as a
master transcription factor. The IL4/STAT6 pathway is

TABLE 3 GATA3 ChIP-seq data sets

Organism Cell type # Data sets # Samples References

Homo sapiens T cells 3 6 Van de Walle et al. 2016; Kanhere et al. 2012

T-ALL cell lines 5 6 Saint-André et al. 2016; Hnisz et al. 2016;
Sanda et al. 2012

Trophoblast progenitors 1 3 –

Breast cancer cell lines 14 73 Cornelissen et al. 2019; Nair et al. 2019;
Hoffman et al. 2018; Yang et al. 2017;
Takaku et al. 2016; Si et al. 2015; Liu et al. 2014; Adomas
et al. 2014; Theodorou et al. 2013;

Gertz et al. 2013; Kong et al. 2011

Breast cancer primary tumors 1 3 Severson et al. 2018

Neuroblastoma cell lines 5 10 Durbin et al. 2018; Boeva et al. 2017;
Oldridge et al. 2015

Lung adenocarcinoma cell lines 1 1 –

Mus musculus Innate lymphoid cells 2 6 Miyamoto et al. 2019; Zhong et al. 2016

T cells 7 25 Hosokawa et al. 2018; Fang et al. 2018;
Zhong et al. 2016; Nakatsukasa et al. 2015;
Zhang et al. 2012; Wei et al. 2011;
Horiuchi et al. 2011

Embryonic stem cells 1 1 Rhee et al. 2017

Trophoblast stem cells 2 2 Rhee et al. 2017; Home et al. 2017
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essential for Th2 cell differentiation, and increases GATA3
expression via the direct binding of STAT6 to the GATA3
locus.101 Genome-wide analyses of GATA3-binding profiles
in Th2 cells identified thousands of binding sites in both
mouse and human; the sites target key immune regulatory
genes, receptor and Th2 cytokine genes that are upregulated
by GATA3.101,102,107 Concomitantly, GATA3 down-
regulates the expression of Th1 cell-specific genes in Th2
cells, which prevents differentiation toward the Th1
lineage.101

The role of GATA3 in neoplastic diseases has been
extensively studied in the setting of human breast cancer
(Tables 3 and S3). GATA-3 is a key developmental factor
for the mammary gland, where it specifies the luminal epi-
thelial cells' fate.92 In normal human mammary epithelial
cells, GATA3 directly targets genes associated with differen-
tiation and reduced proliferation.109 In cases of breast can-
cer, GATA3 has prognostic value: high GATA3 expression
is correlated with a good prognosis,92,110 while low GATA3
expression is associated with a larger tumor size, higher
tumor grade, and an increased risk of recurrence and metas-
tasis.111 Moreover, GATA3 is mutated in more than 10% of
human breast cancer tumors.112–114 The role of GATA3
mutations in breast cancer is currently under investigation,
as GATA3 appears to act as a tumor suppressor or as an
oncogene depending on the mutation and the tumor
subtype.110

GATA3 mutations often result in the formation of trun-
cated proteins.110 In a luminal breast cancer cell line, ChIP-
seq studies revealed that truncated GATA3 mutants are
unable bind to DNA through canonical GATA motifs but
are tethered to the chromatin by interacting with other tran-
scription factors (such as FOXA1).115 This partially alters
GATA3 genome-wide distribution, relative to the wild-type
protein.109,115 Moreover, truncated GATA3 mutants are
more stable than the wild-type protein.116 As a consequence,
stronger GATA3 binding after stimulation with estradiol116

resulted in greater transduction of hormone and growth fac-
tor signals in mutant cells than in normal mammary epithe-
lial cells.109

Several groups have performed ChIP-seq analyses of
GATA3 occupancy in luminal breast cancer cell lines with a
heterozygous GATA3 mutation causing the formation of a
truncated protein. The studies used antibodies that bind to
both the wild-type GATA3 and the truncated mutant. It was
found that GATA3 colocalizes with the estrogen receptor α
(ER-α, a ligand-activated transcription factor) and its co-
factor FOXA1 at enhancer regions.117–119 In particular,
GATA3 facilitated ER-α binding to genomic regions lacking
active histone marks (H3K4me1 and H3K27Ac) and medi-
ated chromatin interactions after estradiol induction—thus
acting as a pioneer transcription factor.120 Moreover, by

recruiting BRG1, GATA3 can remodel local nucleosome
occupancy and thus open up the chromatin structure.121 In
luminal breast cancer cell lines, however, GATA3 also acts
as a transcriptional repressor by recruiting the EHMT2 his-
tone lysine methyltransferase and the NuRD complex, and
inducing the inhibitory GATA3/EHMT2/NuRD complex to
bind to the promoter regions of genes related to cell migra-
tion and invasion.122 Indeed, GATA3 overexpression in an
invasive breast cancer cell line (derived from an aggressive
triple-negative/basal-like breast cancer subtype) induced epi-
thelial differentiation (by targeting genes related to the
mesenchymal-to-epithelial transition) and maintained epithe-
lial identity.121

The results of these studies in breast cancer cell lines
indicate that together with ER-α, GATA3 has a critical role
in both the promotion of tumor growth and the suppression
of breast cancer metastasis. The circumstances under which
GATA3 has a positive or negative impact in breast cancer
biology have yet to be determined.

6 | GATA4

GATA4 and the related GATA5 and GATA6 factors are
involved in the development and differentiation of
endoderm- and mesoderm-derived tissues, such as the stom-
ach, intestine, pancreas, liver, lung, and heart.123–127

GATA4 genome-wide occupancy has been studied during
development and in adult tissues, with a view to understand-
ing how this factor regulates the fate of many cell types
(Tables 4 and S4).

ChIP-seq profiles of GATA4 in different cell types have
shown that this factor recognizes the canonical WGATAR
motif, binds to genomic regions that are marked by
H3K4me3, H3K4me1, and H3K27ac and are depleted for
H3K27me3, and is mainly located in both intragenic regions
(primarily in the first intron) and intergenic regions; only a
small subset of the binding sites target promoters.128–134

Comparisons of GATA4 genome-wide occupancy in differ-
ent tissues and at different stages of development have rev-
ealed that the transcription factor is tissue- and stage-
specific.128,130,132,135 These findings therefore suggest that
specific factors influence GATA4's binding preferences.

Furthermore, the ChIP-seq profiles for GATA4 in endo-
derm and mesoderm derived from human embryonic stem
cells differ, with only a small subset of binding sites shared
by the two lineages.135 In mesoderm, GATA4 preferentially
bind to mesodermal gene promoters and super-enhancers; in
endoderm, the binding sites are located in endoderm gene
enhancer regions.135 GATA4 binding is associated with
targeted loss of DNA methylation when embryonic stem
cells differentiate into endoderm and mesoderm.135 A con-
comitant increase in DNA methylation occurs at GATA4
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binding sites in the alternative lineage, preventing later
GATA4 binding that might activate inappropriate down-
stream genes.129

GATA4 can up- or downregulate transcription,
depending on the cellular context. In adult mouse liver,
GATA4 has a prominent role as transcriptional activator of
genes involved in liver function (including lipid metabolism,
glucose metabolism, and cytochrome p450-mediated metab-
olism); however, it also represses a subset of target genes
that need to be expressed in immature hepatocytes but must
be turned off in mature liver cells.130 In the mouse small
intestine, GATA4 activates genes that promote a jejunal
identity (including those associated with transcription and
digestion/absorption processes) while repressing genes
related to cell death, signal transduction, cytoskeleton, and
lipid metabolism, preventing an ileal identity.131 In mouse
cardiomyocytes, GATA4 promotes the expression of genes
linked to heart development and function and represses those
related to development of the vasculature.128,132

Genome-wide studies have highlighted several partners
that cooperate with GATA4 in the transcriptional regulation
of several lineages. In mesoderm, GATA4 and the signal
transducer and transcriptional modulator SMAD1 co-bind to
super-enhancers.135 In mouse small intestine, GATA4 binding
sites are co-occupied by the transcription factors CDX2 and

HNF4, both of which are known to regulate gene expression
programs in the intestine.131 In mouse cardiomyocytes, a sub-
set of GATA4 binding sites are occupied by other key cardiac
transcription factors, including NKX2-5, TBX5, SRF, and
MEF2A.128,132,134 Moreover, fetal-specific GATA4 binding
sites are enriched in the motif recognized by TEAD1
(a transcriptional regulator required for heart development),
while adult-specific regions are enriched in the motif recog-
nized by EGR1 (a transcription factor involved in various
pathologic cardiovascular processes).128,132 Lastly, in some
cell types, p300 is recruited by GATA4 mainly at enhancer
regions close to activated genes, where it increases H3K27ac
levels; conversely, GATA4 binding sites close to repressed
target genes showed lower p300 occupancy rates and lower
H3K27ac levels.128,131,132

Given the importance of GATA4's actions during devel-
opment, the mutation or overexpression of this factor leads
to disease. Gastric cancer is associated with elevated levels
of GATA4, GATA6, and KLF5.136 In gastric cancer cell
lines, ChIP-seq studies have highlighted a high degree of
overlap between GATA4 and GATA6 binding sites, some
of which are also occupied by KLF5.133 Each of these tran-
scription factors binds to regulatory regions of its own gene
and also to those of genes encoding other transcription fac-
tors; this establishes a self- and cross-regulatory circuit that

TABLE 4 GATA4 ChIP-seq data sets

Organism Cell type # Data sets # Samples References

Homo sapiens ES cells 1 1 Tsankov et al. 2015

Mesendoderm 1 1 Tsankov et al. 2015

Endoderm 2 8 Tsankov et al. 2015

Mesoderm 1 8 Tsankov et al. 2015

Foregut 1 2 –

Pancreatic progenitors 1 2 –

Fibroblast cell lines 2 4 Donaghey et al. 2018

Cardiomyocytes 1 7 Ang et al. 2016

Lung cancer cell lines 1 1 –

Gastric cancer cell lines 1 3 Chia et al. 2015

Colonrectal cancer cell lines 1 1 Yan et al. 2013

Mus musculus ES cells 1 2 Oda et al. 2013

Mesoderm 1 2 Oda et al. 2013

Instestinal epithelial cells 1 1 Aronson et al. 2014

Cardiac muscle cells 1 1 He et al. 2011

Heart 3 12 He et al. 2014; van den Boogaard et al. 2012

Liver 1 1 Zheng et al. 2013

Reprogrammed fibroblasts 2 6 Shu et al. 2015

Skeletal muscle myoblasts 1 1 –
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controls the expression of genes involved in cell movement,
cell death, proliferation, and development, and that is
strongly activated in gastric cancer.133

GATA4 has an important role in cardiac hypertrophy, in
which sources of pathologic cardiac stress (such as pressure
overload) alter cardiomyocyte growth and gene expression.
Cardiac stress induces a significant change in GATA4 occu-
pancy, relative to physiological conditions.132 GATA4 is
recruited at a number fetal-specific regulatory regions
(reactivating a fetal gene program) or targets new genomic
sites not bound in normal heart development (thus acting as
pioneer factor at closed chromatin regions).132 These stress-
related GATA4 binding sites map to genes that are
upregulated in a context of cardiac hypertrophy and are
enriched in the binding motif for of NFAT—a calcium-
responsive transcription factor family that is essential for
heart development and that is involved in the heart's
response to pathologic stimuli.132

Human mutations in GATA4 are associated with congen-
ital heart disease (CHD).137 Cardiomyocytes with a hetero-
zygous GATA4-G296S missense mutation display
impairments in contractility, calcium handling, and meta-
bolic activity, and the mutated GATA4 failed to interaction
with TBX5 in vitro.126 The G296S mutation induces the
redistribution of GATA4 to different genomic sites and dis-
rupts the recruitment of TBX5—particularly to super-
enhancers of important cardiac genes.134 This results in the
downregulation of target cardiac genes, which display lower
GATA4 and TBX5 binding. Moreover, the G296S mutant
causes the aberrant activation of the expression program for
alternative lineages. Endothelial genes normally repressed
by GATA4 are upregulated in mutated cardiomyocytes due
to a reduced binding of GATA4; in turn, this results in a loss
of HDAC2 recruitment, and the genes' promoters fail to
adopt a closed chromatin conformation.134

7 | GATA5

GATA5 is expressed in the heart, liver, pancreas, ovary,
lungs, gastrointestinal tract, and genitourinary system. This
factor has a role in cardiovascular development, intestinal
epithelial cell differentiation, and development of the female
genitourinary system.138–142 In humans, GATA5 mutations
are associated with heart conditions (i.e., CHD and familial
atrial fibrillation).56 GATA5 gene promoter silencing by
methylation in gastrointestinal, bladder, and lung cancers is
associated with lower expression levels of the candidate tar-
get genes—suggesting a role for GATA5 in gene
activation.143

Indeed, GATA5 has been described as a transcriptional
activator of cardiac, intestinal, and hepatic genes.144–148

GATA5 interacts with the hepatocyte nuclear factor HNF1α,

the cardiac T-box transcription factor Tbx20, and p300 to
synergistically activate gene promoters.145,146,148–150 To
date, no genome-wide studies of GATA5 occupancy have
been performed.

8 | GATA6

GATA6 has a major role in the development of the heart,
vascular system, stomach, intestine, colon, liver, pancreas,
lungs, and adrenal glands.151–158 Mutations in GATA6 have
been linked to CHD and pancreatic agenesis.56 The genome-
wide studies of GATA6 occupancy were mainly performed
in murine and human endoderm-derived tissues (Tables 5
and S5). GATA6 acts both as a transcriptional activator and
repressor, and binds to promoters, intragenic regions, and
distal intergenic regions through the canonical GATA
motif.133,135,159–164

A genome-wide binding profiling during the endoderm
differentiation of human pluripotent stem cells demonstrated
that GATA6 directly regulates the expression of several tran-
scription factors (including GATA4) required for the estab-
lishment and maintenance of the endoderm fate.163 As also
described for GATA4, GATA6 binding is associated with a
targeted loss of DNA methylation during early embryonic
development.135

Like GATA4, GATA6 is amplified in the setting of gas-
tric cancer136; ChIP-seq profiles in gastric cancer cell lines
have highlighted a high degree of overlap between GATA4-
and GATA6-occupied regions.133 In this context, GATA6
and GATA4 activate genes involved in cell movement,
death, and survival and that are associated with tumor
development.133,160

In human intestinal cells, GATA6 binds to active regula-
tory elements together with CDX2, a master regulator of the
intestinal epithelium.159 In colorectal tumors, GATA6 sus-
tains cancer stem cell renewal through the repression of
genes encoding negative regulators of the Wnt pathway. In
particular, GATA6 exerts its repressive activity by blocking
the binding of the activating β-catenin/TCF4 complex to the
genes' regulatory elements.161

In the mouse pancreas, GATA6 is required for the com-
plete differentiation and then maintenance of acinar cells.
GATA6 upregulates genes coding for acinar master tran-
scription factors and digestive enzymes, and genes involved
in protein synthesis and secretion, while repressing genes
expressed in alternative endodermal lineages.162 In human
pancreatic ductal adenocarcinoma cell lines, GATA6 pro-
motes the expression of epithelial genes and concomitantly
inhibits the mesenchymal program.164 This transcriptional
activity suggests that GATA6 exerts a tumor-suppressor-like
activity in pancreatic cancer by enforcing acinar cell differ-
entiation and inhibiting the epithelial-to-mesenchymal
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transition.164 In fact, high GATA6 levels are associated with
well-differentiated tumors and better patient outcomes, while
the loss of GATA6 is associated with impaired differentia-
tion and shorter overall patient survival.165

9 | SUMMARY AND OUTLOOK

GATA factors are expressed and have fundamental roles in
the development of many cell types and organs, as demon-
strated by the wide range of diseases and pathologic pheno-
types associated with GATA factor mutations or
dysregulated GATA expression. This highly diversified
expression pattern is strictly regulated by cell-specific cis-
regulatory elements that enable the expression of each
GATA factor at the appropriate time and in the appropriate
place within the organism.

Even though the different GATA factors have a highly
conserved DNA binding domain56 and recognize highly
similar GATA motifs (Figure 1), a number of studies have
demonstrated that the various GATA factors can only par-
tially replace each other in functional terms and recapitulate
the specific transcriptional programs in the related cellular
context166–171; this suggests that differences in the GATA
factor regulatory activity is due to elements other than the
DNA binding domains and the core DNA motif. However,
several studies suggested that residues within (and also resi-
dues close to) the zinc-finger domains can explain the
GATA factor-specific binding preferences.172–174 For exam-
ple, it has been suggested that residues in the less conserved
C-terminal region (adjacent to the second zinc finger) have a
role in determining DNA binding by hematopoietic- versus

endoderm-specific GATA factors.175 Future ChIP-seq stud-
ies will clarify the respective roles of these residues in medi-
ating differences in chromatin binding. Furthermore, the
cell-specific expression of interacting partners can influence
GATA factor-specific binding preferences. In fact, GATA
factors cooperate with recurrent partners in different cell
types but interact also with cell-type-specific proteins
(Figure 1) that can modulate their DNA binding activity in
distinct cellular contexts.

The comparison of different studies of GATA factor
occupancy is complicated by a number of study- and/or
laboratory-specific variables: (a) the cell type (human
vs. murine, and primary cells vs. cell lines), (b) the factor
expression (endogenous vs. inducible expression, or over-
expression), (c) the details of the ChIP-seq protocol (e.g., the
antibody, the epitope-tagging approach, and the sequencing
depth), and (d) the bioinformatics and statistical analyses
and criteria. However, several concepts and mechanisms
underlying transcriptional regulation by GATA factors have
been confirmed in different cellular and animal models, and
by several laboratories.

Overall, GATA factors share many regulatory properties.
For example, GATA factor binding sites are mainly located
in distal regulatory regions. Most GATA factors appear to
exert both activating and repressing activities, although it is
not fully understood why target genes are activated or
repressed. During the development and differentiation of
several cell types, GATA factors activate cell-specific genes
and repress genes involved in the generation of alternative
lineages. Physical interactions and/or cooperation with other
transcription factors, co-factors, and chromatin modifiers

TABLE 5 GATA6 ChIP-seq data sets

ORGANISM Cell type # Data sets # Samples References

Homo sapiens ES cells 1 1 Tsankov et al. 2015

Mesendoderm 1 1 Tsankov et al. 2015

Endoderm 4 12 Fisher et al. 2017; Tsankov et al. 2015

Mesoderm 1 2 Tsankov et al. 2015

Foregut 1 4 –

Pancreatic progenitors 1 4 –

Pancreatic cancer cell lines 1 1 Martinelli et al. 2017

Gastric cancer cell lines 2 5 Chia et al. 2015; Sulahian et al. 2014

Colonrectal cancer cell lines 3 6 Whissell et al. 2014; Yan et al. 2013;
Verzi et al. 2010

Mus musculus ES cells 1 2 Wamaitha et al. 2015

Extraembryonic endoderm 1 2 Wamaitha et al. 2015

Primary keratinocytes 1 2 Donati et al. 2017

Pancreas 1 4 Martinelli et al. 2016

Reprogrammed fibroblasts 1 2 Shu et al. 2015
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can often distinguish the GATA factor activating and repre-
ssing activities. In addition, the GATA switch is a well-
documented mechanism for changing the transcriptional pro-
gram during hematopoietic differentiation. Similar GATA
switches might occur in other cell types,176 and are likely to
be investigated in future research.

Lastly, we expect the use of optimized and novel tech-
niques (e.g., transcriptomic and epigenomic technologies
requiring low numbers of cells, e.g., single cell technologies)
to provide a better definition of GATA factor occupancy in
relevant primary cells from normal and pathologic samples.
In turn, this knowledge should enable researchers to better
characterize the mechanisms underlying GATA-factor-
mediated transcriptional regulation in health and in disease.

ACKNOWLEDGMENTS

This work was funded by a grant (ANR-10-IAHU-01) from
the Agence Nationale de la Recherché's “Investissements
d'avenir” program to A.M.

ORCID

Annarita Miccio https://orcid.org/0000-0002-3409-9665

REFERENCES

1. Kulakovskiy IV, Vorontsov IE, Yevshin IS, et al. HOCOMOCO:
Towards a complete collection of transcription factor binding
models for human and mouse via large-scale ChIP-Seq analysis.
Nucleic Acids Res. 2018;46:D252–D259.

2. Pevny L, Simon MC, Robertson E, et al. Erythroid differentiation
in chimaeric mice blocked by a targeted mutation in the gene for
transcription factor GATA-1. Nature. 1991;349:257–260.

3. Vyas P, Ault K, Jackson CW, Orkin SH, Shivdasani RA. Conse-
quences of GATA-1 deficiency in megakaryocytes and platelets.
Blood. 1999;93:2867–2875.

4. Hirasawa R, Shimizu R, Takahashi S, et al. Essential and instruc-
tive roles of GATA factors in eosinophil development. J Exp
Med. 2002;195:1379–1386.

5. Yu C, Cantor AB, Yang H, et al. Targeted deletion of a high-
affinity GATA-binding site in the GATA-1 promoter leads to
selective loss of the eosinophil lineage in vivo. J Exp Med. 2002;
195:1387–1395.

6. Migliaccio AR, Rana RA, Sanchez M, et al. GATA-1 as a regula-
tor of mast cell differentiation revealed by the phenotype of the
GATA-1 low mouse mutant. J Exp Med. 2003;197:281–296.

7. Nei Y, Obata-Ninomiya K, Tsutsui H, et al. GATA-1 regulates
the generation and function of basophils. Proc Natl Acad Sci.
2013;110:18620–18625.

8. Cheng Y, Wu W, Ashok Kumar S, et al. Erythroid GATA1 func-
tion revealed by genome-wide analysis of transcription factor
occupancy, histone modifications, and mRNA expression.
Genome Res. 2009;19:2172–2184.

9. Yu M, Riva L, Xie H, et al. Insights into GATA-1-mediated gene
activation versus repression via genome-wide chromatin occu-
pancy analysis. Mol Cell. 2009;36:682–695.

10. Fujiwara T, O'Geen H, Keles S, Blahnik K, Linnemann AK,
et al. Discovering hematopoietic mechanisms through genome-
wide analysis of GATA factor chromatin occupancy. Mol Cell.
2009;36:667–681.

11. Tijssen MR, Cvejic A, Joshi A, et al. Genome-wide analysis of
simultaneous GATA1/2, RUNX1, FLI1, and SCL binding in
megakaryocytes identifies hematopoietic regulators. Dev Cell.
2011;20:597–609.

12. Hu G, Schones DE, Cui K, et al. Regulation of nucleosome land-
scape and transcription factor targeting at tissue-specific
enhancers by BRG1. Genome Res. 2011;21:1650–1658.

13. Dore LC, Chlon TM, Brown CD, White KP, Crispino JD. Chro-
matin occupancy analysis reveals genome-wide GATA factor
switching during hematopoiesis. Blood. 2012;119:3724–3733.

14. Chlon TM, Doré LC, Crispino JD. Cofactor-mediated restriction
of GATA-1 chromatin occupancy coordinates lineage-specific
gene expression. Mol Cell. 2012;47:608–621.

15. Wontakal SN, Guo X, Smith C, et al. A core erythroid transcrip-
tional network is repressed by a master regulator of myelo-
lymphoid differentiation. Proc Natl Acad Sci. 2012;109:
3832–3837.

16. Pimkin M, Kossenkov AV, Mishra T, et al. Divergent functions
of hematopoietic transcription factors in lineage priming and dif-
ferentiation during erythro-megakaryopoiesis. Genome Res.
2014;24:1932–1944.

17. Hasegawa A, Shimizu R. GATA1 activity governed by configu-
rations of cis-acting elements. Front Oncol. 2017;6:1–7.

18. Wu W, Morrissey CS, Keller C a, Mishra T, Pimkin M, et al.
Dynamic shifts in occupancy by TAL1 are guided by GATA fac-
tors and drive large-scale reprogramming of gene expression dur-
ing hematopoiesis. Genome Res. 2014;24:1945–1962.

19. Dogan N, Wu W, Morrissey CS, Chen K-B, Stonestrom A, et al.
Occupancy by key transcription factors is a more accurate predic-
tor of enhancer activity than histone modifications or chromatin
accessibility. Epigenetics Chromatin. 2015;8:1–21.

20. Tripic T, Deng W, Cheng Y, et al. SCL and associated proteins
distinguish active from repressive GATA transcription factor
complexes. Blood. 2009;113:2191–2201.

21. Soler E, Andrieu-Soler C, de Boer E, et al. The genome-wide
dynamics of the binding of Ldb1 complexes during erythroid dif-
ferentiation. Genes Dev. 2010;24:277–289.

22. Kassouf MT, Hughes JR, Taylor S, et al. Genome-wide identifi-
cation of TAL1's functional targets: Insights into its mechanisms
of action in primary erythroid cells. Genome Res. 2010;20:
1064–1083.

23. Wu W, Cheng Y, Keller C a, Ernst J, Kumar SA, et al. Dynamics
of the epigenetic landscape during erythroid differentiation after
GATA1 restoration. Genome Res. 2011;21:1659–1671.

24. Papadopoulos GL, Karkoulia E, Tsamardinos I, et al. GATA-1
genome-wide occupancy associates with distinct epigenetic pro-
files in mouse fetal liver erythropoiesis. Nucleic Acids Res.
2013;41:4938–4948.

25. Li L, Freudenberg J, Cui K, et al. Ldb1-nucleated transcription
complexes function as primary mediators of global erythroid
gene activation. Blood. 2013;121:4575–4585.

ROMANO AND MICCIO 21

https://orcid.org/0000-0002-3409-9665
https://orcid.org/0000-0002-3409-9665


26. Love PE, Warzecha C, Li L. Ldb1 complexes: The new master
regulators of erythroid gene transcription. Trends Genet. 2014;
30:1–9.

27. Pinello L, Xu J, Orkin SH, Yuan G-C. Analysis of chromatin-
state plasticity identifies cell-type-specific regulators of
H3K27me3 patterns. Proc Natl Acad Sci. 2014;111:E344–E353.

28. Huang S, Brandt SJ. mSin3A regulates murine erythroleukemia
cell differentiation through association with the TAL1 (or SCL)
transcription factor. Mol Cell Biol. 2000;20:2248–2259.

29. Schuh AH, Tipping AJ, Clark AJ, et al. ETO-2 associates with
SCL in erythroid cells and megakaryocytes and provides repres-
sor functions in erythropoiesis. Mol Cell Biol. 2005;25:
10235–10250.

30. Van Handel B, Montel-Hagen A, Sasidharan R, Nakano H,
Ferrari R, et al. Scl represses Cardiomyogenesis in prospective
Hemogenic endothelium and endocardium. Cell. 2012;150:
590–605.

31. Pencovich N, Jaschek R, Tanay A, Groner Y. Dynamic combina-
torial interactions of RUNX1 and cooperating partners regulates
megakaryocytic differentiation in cell line models. Blood. 2011;
117:1–14.

32. Merika M, Orkin SH. Functional synergy and physical interac-
tions of the erythroid transcription factor GATA-1 with the
Krüppel family proteins Sp1 and EKLF. Mol Cell Biol. 1995;15:
2437–2447.

33. Fox AH, Liew C, Holmes M, Kowalski K, Mackay J,
Crossley M. Transcriptional cofactors of the FOG family interact
with GATA proteins by means of multiple zinc fingers. EMBO J.
1999;18:2812–2822.

34. Grass JA, Boyer ME, Pal S, Wu J, Weiss MJ, Bresnick EH.
GATA-1-dependent transcriptional repression of GATA-2 via
disruption of positive autoregulation and domain-wide chromatin
remodeling. Proc Natl Acad Sci U S A. 2003;100:8811–8816.

35. Letting DL, Chen Y-Y, Rakowski C, Reedy S, Blobel G a. Con-
text-dependent regulation of GATA-1 by friend of GATA-1. Proc
Natl Acad Sci U S A. 2004;101:476–481.

36. Trompouki E, Bowman TV, Lawton LN, et al. Lineage regulators
direct BMP and Wnt pathways to cell-specific programs during
differentiation and regeneration. Cell. 2011;147:577–589.

37. Tallack MR, Perkins AC. KLF1 directly coordinates almost all
aspects of terminal erythroid differentiation. IUBMB Life. 2010;
62:886–890.

38. Pilon AM, Ajay SS, Kumar SA, Steiner L a, Cherukuri PF, et al.
Genome-wide ChIP-Seq reveals a dramatic shift in the binding of
the transcription factor erythroid Kruppel-like factor during eryth-
rocyte differentiation. Blood. 2011;118:139–149.

39. Gregory RC, Taxman DJ, Seshasayee D, Kensinger MH,
Bieker JJ, Wojchowski DM. Functional interaction of GATA1
with erythroid Krüppel-like factor and Sp1 at defined erythroid
promoters. Blood. 1996;87:1793–1801.

40. Su MY, Steiner LA, Bogardus H, Mishra T, Schulz VP, et al.
Identification of biologically relevant enhancers in human Ery-
throid cells. J Biol Chem. 2013;288:8433–8444.

41. Behera V, Evans P, Face CJ, et al. Exploiting genetic variation to
uncover rules of transcription factor binding and chromatin acces-
sibility. Nat Commun. 2018;9:782.

42. Miccio A, Wang Y, Hong W, et al. NuRD mediates activating
and repressive functions of GATA-1 and FOG-1 during blood
development. EMBO J. 2010;29:442–456.

43. Hong W, Nakazawa M, Chen Y-Y, et al. FOG-1 recruits the
NuRD repressor complex to mediate transcriptional repression by
GATA-1. EMBO J. 2005;24:2367–2378.

44. Rodriguez P, Bonte E, Krijgsveld J, et al. GATA-1 forms distinct
activating and repressive complexes in erythroid cells. EMBO J.
2005;24:2354–2366.

45. Stonestrom AJ, Hsu SC, Jahn KS, Huang P, Keller C a, et al.
Functions of BET proteins in erythroid gene expression. Blood.
2015;125:2825–2834.

46. Lamonica JM, Deng W, Kadauke S, et al. Bromodomain protein
Brd3 associates with acetylated GATA1 to promote its chromatin
occupancy at erythroid target genes. Proc Natl Acad Sci U S A.
2011;108:E159–E168.

47. Steger DJ, Lefterova MI, Ying L, et al. DOT1L/KMT4 recruit-
ment and H3K79 methylation are ubiquitously coupled with gene
transcription in mammalian cells. Mol Cell Biol. 2008;28:
2825–2839.

48. Blobel G a, Nakajima T, Eckner R, Montminy M, Orkin SH.
CREB-binding protein cooperates with transcription factor
GATA-1 and is required for erythroid differentiation. Proc Natl
Acad Sci U S A. 1998;95:2061–2066.

49. Watamoto K, Towatari M, Ozawa Y, et al. Altered interaction of
HDAC5 with GATA-1 during MEL cell differentiation. Onco-
gene. 2003;22:9176–9184.

50. Xu J, Shao Z, Glass K, et al. Combinatorial assembly of develop-
mental stage-specific enhancers controls gene expression pro-
grams during human erythropoiesis. Dev Cell. 2012;23:796–811.

51. Huang J, Liu X, Li D, et al. Dynamic control of enhancer reper-
toires drives lineage and stage-specific transcription during hema-
topoiesis. Dev Cell. 2016;36:9–23.

52. Gregory GD, Miccio A, Bersenev A, et al. FOG1 requires NuRD
to promote hematopoiesis and maintain lineage fidelity within the
megakaryocytic-erythroid compartment. Blood. 2010;115:
2156–2166.

53. Crispino JD, Horwitz MS. GATA factor mutations in hemato-
logic disease. Blood. 2017;129:2103–2110.

54. Fujiwara T. GATA transcription factors: Basic principles and
related human disorders. Tohoku J Exp Med. 2017;242:83–91.

55. Gao J, Chen Y-H, Peterson LC. GATA family transcriptional fac-
tors: Emerging suspects in hematologic disorders. Exp Hematol
Oncol. 2015;4:28.

56. Lentjes MHFM, Niessen HEC, Akiyama Y, de Bruïne AP,
Melotte V, et al. The emerging role of GATA transcription fac-
tors in development and disease. Expert Rev Mol Med. 2016;
18:1–15.

57. Campbell AE, Wilkinson-White L, Mackay JP, Matthews JM,
Blobel G a. Analysis of disease-causing GATA1 mutations in
murine gene complementation systems. Blood. 2013;121:
5218–5227.

58. Hopfer O, Nolte F, Mossner M, et al. Epigenetic dysregulation of
GATA1 is involved in myelodysplastic syndromes
dyserythropoiesis. Eur J Haematol. 2012;88:144–153.

59. Wechsler J, Greene M, McDevitt MA, et al. Acquired mutations
in GATA1 in the megakaryoblastic leukemia of down syndrome.
Nat Genet. 2002;32:148–152.

60. Hitzler JK. GATA1 mutations in transient leukemia and acute
megakaryoblastic leukemia of down syndrome. Blood. 2003;101:
4301–4304.

22 ROMANO AND MICCIO



61. Hollanda LM, Lima CSP, Cunha AF, et al. An inherited mutation
leading to production of only the short isoform of GATA-1 is
associated with impaired erythropoiesis. Nat Genet. 2006;38:
807–812.

62. Sankaran VG, Ghazvinian R, Do R, et al. Exome sequencing
identifies GATA1 mutations resulting in diamond-Blackfan ane-
mia. J Clin Invest. 2012;122:2439–2443.

63. Byrska-Bishop M, VanDorn D, Campbell AE, et al. Pluripotent
stem cells reveal erythroid-specific activities of the GATA1 N-
terminus. J Clin Invest. 2015;125:993–1005.

64. Chlon TM, McNulty M, Goldenson B, Rosinski A, Crispino JD.
Global transcriptome and chromatin occupancy analysis reveal
the short isoform of GATA1 is deficient for erythroid specifica-
tion and gene expression. Haematologica. 2015;100:575–584.

65. Tsai F-Y, Keller G, Kuo FC, et al. An early haematopoietic
defect in mice lacking the transcription factor GATA-2. Nature.
1994;371:221–226.

66. Tsai FY, Orkin SH. Transcription factor GATA-2 is required for
proliferation/survival of early hematopoietic cells and mast cell
formation, but not for erythroid and myeloid terminal differentia-
tion. Blood. 1997;89:3636–3643.

67. Ohmori S, Moriguchi T, Noguchi Y, et al. GATA2 is critical for
the maintenance of cellular identity in differentiated mast cells
derived from mouse bone marrow. Blood. 2015;125:3306–3315.

68. Bresnick EH, Katsumura KR, Lee H-Y, Johnson KD,
Perkins AS. Master regulatory GATA transcription factors:
Mechanistic principles and emerging links to hematologic malig-
nancies. Nucleic Acids Res. 2012;40:5819–5831.

69. Katsumura KR, Bresnick EH. The GATA factor revolution in
hematology. Blood. 2017;129:2092–2102.

70. Tremblay M, Sanchez-Ferras O, Bouchard M. GATA transcrip-
tion factors in development and disease. Development. 2018;145:
dev164384.

71. Wilson NK, Foster SD, Wang X, et al. Combinatorial transcrip-
tional control in blood stem/progenitor cells: Genome-wide anal-
ysis of ten major transcriptional regulators. Cell Stem Cell. 2010;
7:532–544.

72. Beck D, Thoms J a I, Perera D, Schutte J, Unnikrishnan A, et al.
Genome-wide analysis of transcriptional regulators in human
HSPCs reveals a densely interconnected network of coding and
noncoding genes. Blood. 2013;122:e12–e22.

73. Li L, Jothi R, Cui K, et al. Nuclear adaptor Ldb1 regulates a tran-
scriptional program essential for the maintenance of hematopoi-
etic stem cells. Nat Immunol. 2011;12:129–136.

74. May G, Soneji S, Tipping AJ, et al. Dynamic analysis of gene
expression and genome-wide transcription factor binding during
lineage specification of multipotent progenitors. Cell Stem Cell.
2013;13:754–768.

75. Calero-Nieto FJ, Ng FS, Wilson NK, et al. Key regulators control
distinct transcriptional programmes in blood progenitor and mast
cells. EMBO J. 2014;33:1212–1226.

76. Anguita E, Hughes J, Heyworth C, Blobel GA, Wood WG,
Higgs DR. Globin gene activation during haemopoiesis is driven
by protein complexes nucleated by GATA-1 and GATA-2.
EMBO J. 2004;23:2841–2852.

77. Wadman IA, Osada H, Grütz GG, et al. The LIM-only protein
Lmo2 is a bridging molecule assembling an erythroid, DNA-
binding complex which includes the TAL1, E47, GATA-1 and
Ldb1/NLI proteins. EMBO J. 1997;16:3145–3157.

78. Tsang AP, Visvader JE, Turner C a, Fujiwara Y, Yu C, et al.
FOG, a multitype zinc finger protein, acts as a cofactor for tran-
scription factor GATA-1 in erythroid and megakaryocytic differ-
entiation. Cell. 1997;90:109–119.

79. Wozniak RJ, Keles S, Lugus JJ, et al. Molecular hallmarks of
endogenous chromatin complexes containing master regulators of
hematopoiesis. Mol Cell Biol. 2008;28:6681–6694.

80. Masuda A, Hashimoto K, Yokoi T, et al. Essential role of GATA
transcriptional factors in the activation of mast cells. J Immunol.
2007;178:360–368.

81. Moignard V, MacAulay IC, Swiers G, Buettner F, Schütte J,
et al. Characterization of transcriptional networks in blood stem
and progenitor cells using high-throughput single-cell gene
expression analysis. Nat Cell Biol. 2013;15:363–372.

82. Katsumura KR, Ong IM, DeVilbiss AW, Sanalkumar R,
Bresnick EH. GATA factor-dependent positive-feedback circuit
in acute myeloid leukemia cells. Cell Rep. 2016;16(9):
2428–2441.

83. Chiang YT, Wang K, Fazli L, et al. GATA2 as a potential
metastasis-driving gene in prostate cancer. Oncotarget. 2014;5:
451–461.

84. Wu D, Sunkel B, Chen Z, et al. Three-tiered role of the pioneer
factor GATA2 in promoting androgen-dependent gene expres-
sion in prostate cancer. Nucleic Acids Res. 2014;42:3607–3622.

85. Zhao JC, Fong K-W, Jin H-J, Yang YA, Kim J, Yu J. FOXA1
acts upstream of GATA2 and AR in hormonal regulation of gene
expression. Oncogene. 2016;35:4335–4344.

86. Chaytor L, Simcock M, Nakjang S, et al. The pioneering role of
GATA2 in androgen receptor variant regulation is controlled by
Bromodomain and Extraterminal proteins in castrate-resistant
prostate Cancer. Mol Cancer Res. 2019;17:1264–1279.

87. Bresnick EH, Lee H-Y, Fujiwara T, Johnson KD, Keles S.
GATA switches as developmental drivers. J Biol Chem. 2010;
285:31087–31093.

88. Suzuki M, Kobayashi-Osaki M, Tsutsumi S, Pan X, Ohmori S,
et al. GATA factor switching from GATA2 to GATA1 contrib-
utes to erythroid differentiation. Genes Cells. 2013;18:921–933.

89. Moriguchi T, Yamamoto M. A regulatory network governing
Gata1 and Gata2 gene transcription orchestrates erythroid lineage
differentiation. Int J Hematol. 2014;100:417–424.

90. Ho IC, Tai TS, Pai SY. GATA3 and the T-cell lineage: Essential
functions before and after T-helper-2-cell differentiation. Nat Rev
Immunol. 2009;9:125–135.

91. Hosoya T, Maillard I, Engel JD. From the cradle to the grave:
Activities of GATA-3 throughout T-cell development and differ-
entiation. Immunol Rev. 2010;238:110–125.

92. Kouros-Mehr H, Kim J w, Bechis SK, Werb Z. GATA-3 and the
regulation of the mammary luminal cell fate. Curr Opin Cell Biol.
2008;20:164–170.

93. Nardelli J, Thiesson D, Fujiwara Y, Tsai F-Y, Orkin SH. Expres-
sion and genetic interaction of transcription factors GATA-2 and
GATA-3 during development of the mouse central nervous sys-
tem. Dev Biol. 1999;210:305–321.

94. Kaufman CK. GATA-3: An unexpected regulator of cell lineage
determination in skin. Genes Dev. 2003;17:2108–2122.

95. Labastie M-C, Catala M, Gregoire J-M, Peault B. The GATA-3
gene is expressed during human kidney embryogenesis. Kidney
Int. 1995;47:1597–1603.

ROMANO AND MICCIO 23



96. Asch-Kendrick R, Cimino-Mathews A. The role of GATA3 in
breast carcinomas: A review. Hum Pathol. 2016;48:37–47.

97. Murga-Zamalloa C, Wilcox RA. GATA-3 in T-cell lympho-
proliferative disorders. IUBMB Life. 2019;iub.2130.

98. Peng H, Ke X-X, Hu R, Yang L, Cui H, et al. Essential role of
GATA3 in regulation of differentiation and cell proliferation in
SK-N-SH neuroblastoma cells. Mol Med Rep. 2015;11:881–886.

99. Van Esch H, Groenen P, Nesbit MA, Schuffenhauer S,
Lichtner P, et al. GATA3 haplo-insufficiency causes human
HDR syndrome. Nature. 2000;406:419–422.

100. Ali A, Christie PT, Grigorieva IV, Harding B, Van Esch H, et al.
Functional characterization of GATA3 mutations causing the
hypoparathyroidism-deafness-renal (HDR) dysplasia syndrome:
Insight into mechanisms of DNA binding by the GATA3 tran-
scription factor. Hum Mol Genet. 2006;16:265–275.

101. Wei G, Abraham BJ, Yagi R, et al. Genome-wide analyses of
transcription factor GATA3-mediated gene regulation in distinct
T cell types. Immunity. 2011;35:299–311.

102. Horiuchi S, Onodera A, Hosokawa H, et al. Genome-wide analy-
sis reveals unique regulation of transcription of Th2-specific
genes by GATA3. J Immunol. 2011;186:6378–6389.

103. Zhang JA, Mortazavi A, Williams BA, Wold BJ,
Rothenberg EV. Dynamic transformations of genome-wide epi-
genetic marking and transcriptional control establish T cell iden-
tity. Cell. 2012;149:467–482.

104. Nakatsukasa H, Zhang D, Maruyama T, et al. The DNA-binding
inhibitor Id3 regulates IL-9 production in CD4 + T cells. Nat
Immunol. 2015;16:1077–1084.

105. Fang D, Cui K, Hu G, et al. Bcl11b, a novel GATA3-interacting
protein, suppresses Th1 while limiting Th2 cell differentiation.
J Exp Med. 2018;215:1449–1462.

106. Van de Walle I, Dolens A-C, Durinck K, De Mulder K, Van
Loocke W, et al. GATA3 induces human T-cell commitment by
restraining notch activity and repressing NK-cell fate. Nat
Commun. 2016;7:11171.

107. Kanhere A, Hertweck A, Bhatia U, et al. T-bet and GATA3
orchestrate Th1 and Th2 differentiation through lineage-specific
targeting of distal regulatory elements. Nat Commun. 2012;3:
1268.

108. Sanda T, Lawton LN, Barrasa MI, et al. Core transcriptional reg-
ulatory circuit controlled by the TAL1 complex in human T cell
acute lymphoblastic Leukemia. Cancer Cell. 2012;22:209–221.

109. Cohen H, Ben-Hamo R, Gidoni M, et al. Shift in GATA3 func-
tions, and GATA3 mutations, control progression and clinical
presentation in breast cancer. Breast Cancer Res. 2014;16:464.

110. Takaku M, Grimm SA, Wade PA. GATA3 in breast cancer:
Tumor suppressor or oncogene? Gene Expr. 2015;16:163–168.

111. Mehra R, Varambally S, Ding L, et al. Identification of GATA3
as a breast cancer prognostic marker by global gene expression
meta-analysis. Cancer Res. 2005;65:11259–11264.

112. The Cancer Genome Atlas Network, Koboldt DC, Fulton RS,
McLellan MD, Schmidt H, et al. Comprehensive molecular por-
traits of human breast tumours. Nature. 2012;490:61–70.

113. Stephens PJ, Tarpey PS, Davies H, Van Loo P, Greenman C,
et al. The landscape of cancer genes and mutational processes in
breast cancer. Nature. 2012;486:400–404.

114. Pereira B, Chin S-F, Rueda OM, et al. The somatic mutation pro-
files of 2,433 breast cancers refine their genomic and trans-
criptomic landscapes. Nat Commun. 2016;7:11479.

115. Cornelissen LM, de Bruijn R, Henneman L, Kim Y, Zwart W,
Jonkers J. GATA3 truncating mutations promote cistromic re-
programming in vitro, but not mammary tumor formation in
mice. J Mammary Gland Biol Neoplasia. 2019.

116. Adomas AB, Grimm SA, Malone C, Takaku M, Sims JK, et al.
Breast tumor specific mutation in GATA3 affects physiological
mechanisms regulating transcription factor turnover. BMC Can-
cer. 2014;14:1–14.

117. Kong SL, Li G, Loh SL, Sung WK, Liu ET. Cellular repro-
gramming by the conjoint action of ERα, FOXA1, and GATA3
to a ligand-inducible growth state. Mol Syst Biol. 2011;7:1–14.

118. Gertz J, Savic D, Varley KE, et al. Distinct properties of cell-
type-specific and shared transcription factor binding sites. Mol
Cell. 2013;52:25–36.

119. Liu Z, Merkurjev D, Yang F, et al. Enhancer activation requires
trans-recruitment of a mega transcription factor complex. Cell.
2014;159:358–373.

120. Theodorou V, Stark R, Menon S, Carroll JS. GATA3 acts
upstream of FOXA1 in mediating ESR1 binding by shaping
enhancer accessibility. Genome Res. 2013;23:12–22.

121. Takaku M, Grimm SA, Shimbo T, et al. GATA3-dependent cel-
lular reprogramming requires activation-domain dependent
recruitment of a chromatin remodeler. Genome Biol. 2016;17:36.

122. Si W, Huang W, Zheng Y, et al. Dysfunction of the reciprocal
feedback loop between GATA3- and ZEB2-nucleated repression
programs contributes to breast Cancer metastasis. Cancer Cell.
2015;27:822–836.

123. Molkentin JD. The zinc finger-containing transcription factors
GATA-4, −5, and −6. J Biol Chem. 2000;275:38949–38952.

124. Bosse T, Piaseckyj CM, Burghard E, et al. Gata4 is essential for
the maintenance of Jejunal-Ileal identities in the adult mouse
small intestine. Mol Cell Biol. 2006;26:9060–9070.

125. Watt AJ, Zhao R, Li J, Duncan SA. Development of the mamma-
lian liver and ventral pancreas is dependent on GATA4. BMC
Dev Biol. 2007;7:37.

126. Garg V, Kathiriya IS, Barnes R, et al. GATA4 mutations cause
human congenital heart defects and reveal an interaction with
TBX5. Nature. 2003;424:443–447.

127. Ackerman KG, Wang J, Luo L, Fujiwara Y, Orkin SH,
Beier DR. Gata4 is necessary for normal pulmonary lobar devel-
opment. Am J Respir Cell Mol Biol. 2007;36:391–397.

128. He A, Kong SW, Ma Q, Pu WT. Co-occupancy by multiple car-
diac transcription factors identifies transcriptional enhancers
active in heart. Proc Natl Acad Sci. 2011;108:5632–5637.

129. Oda M, Kumaki Y, Shigeta M, Jakt LM, Matsuoka C, et al. DNA
methylation restricts lineage-specific functions of transcription
factor Gata4 during embryonic stem cell differentiation. PLoS
Genet. 2013;9:1–17.

130. Zheng R, Rebolledo-Jaramillo B, Zong Y, et al. Function of
GATA factors in the adult mouse liver. PLoS One. 2013;8:
e83723.

131. Aronson BE, Rabello Aronson S, Berkhout RP, et al. GATA4
represses an ileal program of gene expression in the proximal
small intestine by inhibiting the acetylation of histone H3, lysine
27. Biochim Biophys Acta - Gene Regul Mech. 2014;1839:
1273–1282.

132. He A, Gu F, Hu Y, Ma Q, Yi Ye L, et al. Dynamic GATA4
enhancers shape the chromatin landscape central to heart devel-
opment and disease. Nat Commun. 2014;5:1–14.

24 ROMANO AND MICCIO



133. Chia NY, Deng N, Das K, et al. Regulatory crosstalk between
lineage-survival oncogenes KLF5, GATA4 and GATA6 coopera-
tively promotes gastric cancer development. Gut. 2015;64:
707–719.

134. Ang YS, Rivas RN, Ribeiro AJS, et al. Disease model of GATA4
mutation reveals transcription factor cooperativity in human Car-
diogenesis. Cell. 2016;167:1734–1749.e22.

135. Tsankov AM, Gu H, Akopian V, et al. Transcription factor bind-
ing dynamics during human ES cell differentiation. Nature. 2015;
518:344–349.

136. Deng N, Goh LK, Wang H, et al. A comprehensive survey of
genomic alterations in gastric cancer reveals systematic patterns
of molecular exclusivity and co-occurrence among distinct thera-
peutic targets. Gut. 2012;61:673–684.

137. Rajagopal SK, Ma Q, Obler D, et al. Spectrum of heart disease
associated with murine and human GATA4 mutation. J Mol Cell
Cardiol. 2007;43:677–685.

138. Reiter JF, Alexander J, Rodaway A, et al. Gata5 is required for
the development of the heart and endoderm in zebrafish. Genes
Dev. 1999;13:2983–2995.

139. Laforest B, Nemer M. GATA5 interacts with GATA4 and
GATA6 in outflow tract development. Dev Biol. 2011;358:
368–378.

140. Messaoudi S, He Y, Gutsol A, et al. Endothelial Gata5 transcrip-
tion factor regulates blood pressure. Nat Commun. 2015;6:8835.

141. Gao X, Sedgwick T, Shi Y-B, Evans T. Distinct functions are
implicated for the GATA-4, −5, and −6 transcription factors in
the regulation of intestine epithelial cell differentiation. Mol Cell
Biol. 1998;18:2901–2911.

142. Molkentin JD, Tymitz KM, Richardson JA, Olson EN. Abnor-
malities of the genitourinary tract in female mice lacking
GATA5. Mol Cell Biol. 2000;20:5256–5260.

143. Zheng R, Blobel GA. GATA transcription factors and Cancer.
Genes Cancer. 2010;1:1178–1188.

144. Morrisey EE, Ip HS, Tang Z, Lu MM, Parmacek MS. GATA-5:
A transcriptional activator expressed in a novel temporally and
spatially-restricted pattern during embryonic development. Dev
Biol. 1997;183:21–36.

145. van Wering HM, Huibregtse IL, van der Zwan SM, et al. Physi-
cal interaction between GATA-5 and hepatocyte nuclear factor-
1α results in synergistic activation of the human lactase-Phlorizin
hydrolase promoter. J Biol Chem. 2002;277:27659–27667.

146. Krasinski SD, Van Wering HM, Tannemaat MR, Grand RJ. Dif-
ferential activation of intestinal gene promoters: Functional inter-
actions between GATA-5 and HNF-1α. Am. J. Physiol. Liver
Physiol. 2001;281:G69–G84.

147. Divine JK, Staloch LJ, Haveri H, Jacobsen CM, Wilson DB,
et al. GATA-4, GATA-5, and GATA-6 activate the rat liver fatty
acid binding protein gene in concert with HNF-1α. Am J Physiol
Liver Physiol. 2004;287:G1086–G1099.

148. Jonckheere N, Vincent A, Perrais M, et al. The human mucin
MUC4 is transcriptionally regulated by caudal-related homeobox,
hepatocyte nuclear factors, forkhead box a, and GATA endoder-
mal transcription factors in epithelial cancer cells. J Biol Chem.
2007;282:22638–22650.

149. Stennard FA, Costa MW, Elliott DA, Rankin S, Haast SJ, et al.
Cardiac T-box factor Tbx20 directly interacts with Nkx2-5,
GATA4, and GATA5 in regulation of gene expression in the
developing heart. Dev Biol. 2003;262:206–224.

150. Kakita T, Hasegawa K, Morimoto T, Kaburagi S, Wada H,
Sasayama S. p300 protein as a coactivator of GATA-5 in the
transcription of cardiac-restricted atrial natriuretic factor gene.
J Biol Chem. 1999;274:34096–34102.

151. Zhao R, Watt AJ, Li J, Luebke-Wheeler J, Morrisey EE,
Duncan SA. GATA6 is essential for embryonic development of
the liver but dispensable for early heart formation. Mol Cell Biol.
2005;25:2622–2631.

152. Zhao R, Watt AJ, Battle MA, Li J, Bondow BJ, Duncan SA.
Loss of both GATA4 and GATA6 blocks cardiac myocyte differ-
entiation and results in acardia in mice. Dev Biol. 2008;317:
614–619.

153. Yin F, Herring BP. GATA-6 can act as a positive or negative reg-
ulator of smooth muscle-specific gene expression. J Biol Chem.
2005;280:4745–4752.

154. Haveri H, Westerholm-Ormio M, Lindfors K, et al. Tran-
scription factors GATA-4 and GATA-6 in normal and neo-
plastic human gastrointestinal mucosa. BMC Gastroenterol.
2008;8:9.

155. Ketola I, Otonkoski T, Pulkkinen M-A, et al. Transcription factor
GATA-6 is expressed in the endocrine and GATA-4 in the exo-
crine pancreas. Mol Cell Endocrinol. 2004;226:51–57.

156. Decker K, Goldman DC, Grasch CL, Sussel L. GATA6 is an
important regulator of mouse pancreas development. Dev Biol.
2006;298:415–429.

157. Yang H, Lu MM, Zhang L, Whitsett JA, Morrisey EE. GATA6
regulates differentiation of distal lung epithelium. Development.
2002;129:2233–2246.

158. Kiiveri S, Liu J, Westerholm-Ormio M, et al. Transcription fac-
tors GATA-4 and GATA-6 during mouse and human adrenocor-
tical development. Endocr Res. 2002;28:647–650.

159. Verzi MP, Shin H, He HH, et al. Differentiation-specific histone
modifications reveal dynamic chromatin interactions and partners
for the intestinal transcription factor CDX2. Dev Cell. 2010;19:
713–726.

160. Sulahian R, Casey F, Shen J, et al. An integrative analysis reveals
functional targets of GATA6 transcriptional regulation in gastric
cancer. Oncogene. 2014;33:5637–5648.

161. Whissell G, Montagni E, Martinelli P, et al. The transcription fac-
tor GATA6 enables self-renewal of colon adenoma stem cells by
repressing BMP gene expression. Nat Cell Biol. 2014;16:
695–707.

162. Martinelli P, Madriles F, Cañamero M, Carrillo-De Santa Pau E,
Del Pozo N, et al. The acinar regulator Gata6 suppresses
KRasG12V-driven pancreatic tumorigenesis in mice. Gut. 2016;
65:476–486.

163. Fisher JB, Pulakanti K, Rao S, Duncan SA. GATA6 is essential
for endoderm formation from human pluripotent stem cells. Biol
Open. 2017;6:1084–1095.

164. Martinelli P, Carrillo-de Santa Pau E, Cox T, Sainz B, Dusetti N,
et al. GATA6 regulates EMT and tumour dissemination, and is a
marker of response to adjuvant chemotherapy in pancreatic can-
cer. Gut. 2017;66:1665–1676.

165. Collisson EA, Sadanandam A, Olson P, et al. Subtypes of pancre-
atic ductal adenocarcinoma and their differing responses to ther-
apy. Nat Med. 2011;17:500–503.

166. Blobel GA, Simon MC, Orkin SH. Rescue of GATA-1-deficient
embryonic stem cells by heterologous GATA-binding proteins.
Mol Cell Biol. 1995;15:626–633.

ROMANO AND MICCIO 25



167. Tsai F-Y, Browne CP, Orkin SH. Knock-in mutation of transcription
factor GATA-3 into the GATA-1 locus: Partial rescue of GATA-1
loss of function in Erythroid cells. Dev Biol. 1998;196:218–227.

168. Takahashi S, Shimizu R, Suwabe N, et al. GATA factor trans-
genes under GATA-1 locus control rescue germline GATA-1
mutant deficiencies. Blood. 2000;96:910–916.

169. Ferreira R, Wai A, Shimizu R, et al. Dynamic regulation of Gata
factor levels is more important than their identity. Blood. 2007;
109:5481–5490.

170. Van Berlo JH, Aronow BJ, Molkentin JD. Parsing the roles of the
transcription factors GATA-4 and GATA-6 in the adult cardiac
hypertrophic response. PLoS One. 2013;8:e84591.

171. Borok MJ, Papaioannou VE, Sussel L. Unique functions of Gata4
in mouse liver induction and heart development. Dev Biol. 2016;
410:213–222.

172. Merika M, Orkin SH. DNA-binding specificity of GATA family
transcription factors. Mol Cell Biol. 1993;13:3999–4010.

173. Pedone PV, Omichinski JG, Nony P, et al. The N-terminal fingers
of chicken GATA-2 and GATA-3 are independent sequence-
specific DNA binding domains. EMBO J. 1997;16:2874–2882.

174. Ghirlando R, Trainor CD. Determinants of GATA-1 binding to DNA:
The role of non-finger residues. J Biol Chem. 2003;278:45620–45628.

175. Hosoya-Ohmura S, Mochizuki N, Suzuki M, Ohneda O,
Ohneda K, Yamamoto M. GATA-4 incompletely substitutes for
GATA-1 in promoting both primitive and definitive erythropoie-
sis in vivo. J Biol Chem. 2006;281:32820–32830.

176. Ray S, Dutta D, Rumi MAK, Kent LN, Soares MJ, Paul S. Con-
text-dependent function of regulatory elements and a switch in
chromatin occupancy between GATA3 and GATA2 regulate
Gata2 transcription during trophoblast differentiation. J Biol
Chem. 2009;284:4978–4988.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of this article.

How to cite this article: Romano O, Miccio A.
GATA factor transcriptional activity: Insights from
genome-wide binding profiles. IUBMB Life. 2020;72:
10–26. https://doi.org/10.1002/iub.2169

26 ROMANO AND MICCIO

https://doi.org/10.1002/iub.2169

	GATA factor transcriptional activity: Insights from genome-wide binding profiles
	1  INTRODUCTION
	2  GATA1
	3  GATA2
	4  THE GATA2-TO-GATA1 SWITCH
	5  GATA3
	6  GATA4
	7  GATA5
	8  GATA6
	9  SUMMARY AND OUTLOOK
	ACKNOWLEDGMENTS
	REFERENCES


