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Abstract

It has been almost a quarter century since it was first appreciated that a class of oncogenes contained in rapidly transforming avian retroviruses 
encoded DNA-binding transcription factors. As with other oncogenes, genetic recombination with the viral genome led to their overexpression or 
functional alteration. In the years that followed, alterations of numerous transcription factors were shown to be causatively involved in various cancers 
in human patients and model organisms. Depending on their normal cellular functions, these factors were subsequently categorized as proto-
oncogenes or tumor suppressor genes. This review focuses on the role of GATA transcription factors in carcinogenesis. GATA factors are zinc finger 
DNA binding proteins that control the development of diverse tissues by activating or repressing transcription. GATA factors thus coordinate cellular 
maturation with proliferation arrest and cell survival. Therefore, a role of this family of genes in human cancers is not surprising. Prominent examples 
include structural mutations in GATA1 that are found in almost all megakaryoblastic leukemias in patients with Down syndrome; loss of GATA3 
expression in aggressive, dedifferentiated breast cancers; and silencing of GATA4 and GATA5 expression in colorectal and lung cancers. Here, we 
discuss possible mechanisms of carcinogenesis vis-à-vis the normal functions of GATA factors as they pertain to human patients and mouse models 
of cancer.
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Introduction

Perturbation of normal cellular functions 
that lead to malignant transformation can 
occur at the level of extracellular mole-
cules such as hormones and growth/ 
survival factors, their receptors, down-
stream signaling molecules, and their 
ultimate targets in the nucleus. The latter 
include chromatin-modifying enzymes 
and DNA-binding nuclear factors. A 
wealth of new insights into all these lay-
ers of regulation during oncogenesis 
derived originally from studies of retrovi-
ruses that either carried transforming 
genes or activated oncogene expression 
by way of nearby genomic integration. 
One of the first oncoproteins to be recog-
nized as a transcription factor was JUN, 
whose gene was contained in mutant 
form in the avian sarcoma virus 17.1 A 
remarkable intersection involving multi-
ple areas of research (recounted vividly 
in a review by Vogt2) led to the realization 
that JUN was part of a dimeric DNA-
binding transcription factor complex, 
called AP-1. AP-1 consists of 2 tightly 

growth-regulated protein subunits, JUN 
and FOS. Notably, FOS was already 
known as the oncogenic agent in the  
FBJ murine osteosarcoma virus.3 Follow-
ing this precedent, numerous additional 
oncogenic transcription factors belonging 
to diverse families were discovered  
by various strategies. These included 
characterization of genes transduced by 
tumor-producing viruses, defining genes 
dysregulated due to nearby retroviral 
integration, cloning genes involved in 
chromosomal translocations, and screen-
ing of potential oncoproteins that produce 
hallmarks of transformation following 
their introduction into cultured cells in 
vitro. A comprehensive list of potentially 
transforming transcription factors is out-
side the scope of this review, and the 
reader is referred to other sources.4

On the other hand, nuclear factors that 
function as tumor suppressors were rec-
ognized as targets of transforming proteins 
from DNA tumor viruses. For example, 
the adenovirus proteins E1A and E1B 
interact with the cellular retinoblastoma 
(RB) and p53 proteins, respectively, to 

perturb their regulation of cell cycle 
progression and cell viability (see 
reviews by DeCaprio and Levine5,6). 
RB and p53 are mutated or lost in a 
substantial fraction of human malig-
nancies. Both proteins function as tran-
scriptional regulators by directly (p53) 
or indirectly (RB) associating with 
DNA. Thus, transcription factors can 
be dominantly acting oncogenes and 
tumor suppressor genes. Operationally, 
it is helpful to define a third class of 
transcription factors, whose loss con-
tributes to malignant transformation 
but that are not conventional tumor 
suppressors. These factors, which 
include some GATA proteins, normally 
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promote cellular differentiation.  Impaired 
function or reduced expression contrib-
utes to malignant transformation due to 
failure of the affected cells to mature and 
exit the cell cycle.

Transcription factors of the GATA 
family are essential regulators of the spec-
ification and differentiation of numerous 
tissues. They all share 2 highly conserved 
zinc fingers of the C2H2 type that mediate 
not only DNA binding but also the great 
majority of protein interactions. GATA 
factors typically bind to the element A/T 
GATA A/G. Outside the zinc finger 
domains, there is relatively little conser-
vation between distinct members of this 
family.

Based on initial studies of their expres-
sion, GATA1, GATA2, and GATA3 were 
classified as hematopoietic GATA fac-
tors, while GATA4, GATA5, and GATA6 
were termed endodermal GATA factors. 
However, this categorization does not do 
justice to the much broader tissue distri-
bution of most GATA proteins. For exam-
ple, GATA3 functions in T lymphocytes 
but is also a critical regulator of mam-
mary epithelial cells.7 GATA factors can 
function in undifferentiated progenitor 
cells and play a role in their expansion, or 
they can direct the coordinated matura-
tion and cell cycle withdrawal in termi-
nally differentiating cells. Thus, it is to be 
expected that alterations of GATA factors 
contribute to the development of cancer 
in human patients.

Here, we review our current state of 
knowledge about GATA factors and 
some relevant co-regulators in the con-
text of human cancers and relevant 
mouse models of malignant diseases. 
Mutations, loss of expression, or over-
expression of GATA factors have all 
been associated with a broad variety of 
cancers in humans, including leukemia, 
breast cancer, gastrointestinal cancers, 
and others. In addition, several proteins 
that associate with GATA factors are 
proto-oncoproteins and function in part 
by modulating GATA factor activities. 
In this review, a lot of emphasis is placed 
in particular on GATA1 and GATA3 
since they have been very well studied 
in the context of human malignancies 

and various mouse models, and an enor-
mous amount of past work has produced 
a deep understanding of their functions 
at the molecular level.

Transcription Factor GATA1
The first discovered member of the GATA 
family was GATA1.8,9 It was identified 
based on its ability to bind GATA ele-
ments in the regulatory regions of the 
erythroid-expressed globin genes. We 
now know that GATA1 regulates most  
if not all erythroid-specific genes.  
Moreover, it was soon recognized that 
GATA1 serves critical roles in additional 
hematopoietic lineages, including mast 
cells, eosinophils, and megakaryocytes 
(MKs).10,11 Mice with a targeted deletion 
of the GATA1 gene succumb to anemia 
in early development owing to failed  
erythroid maturation and apoptosis of  
erythroid precursor cells.12 Conditional 
depletion of GATA1 in the MK lineage 
firmly established the essential role of 
GATA1 in megakaryopoiesis and hence 
platelet formation.13 In light of the lethal 
phenotype of GATA1-deficient mice, it 
had been deemed unlikely that mutations 
in GATA1 would be uncovered in humans 
with hematological diseases. Neverthe-
less, in 2000, the first patients with 
X-linked congenital anemia and thrombo-
cytopenia were found to have a mutation 
in the GATA1 gene. Specifically, a point 
mutation within the N-terminal zinc fin-
ger of GATA1 was identified that dimin-
ishes the interaction of GATA1 with the 
hematopoietic expressed transcription co-
factor FOG1 (friend of GATA1).14 Subse-
quently, numerous additional kindreds 
were discovered with GATA1 point muta-
tions in the N-terminal zinc finger. 
Depending on the site and type of  
substitutions, the severity of the anemia 
and thrombocytopenia varied greatly 
(reviewed in Ciovacco et al.15). While 
almost all mutations associated with con-
genital hematopoietic disorders are within 
the N-terminal zinc finger, the mecha-
nisms by which they affect its function 
varied. Some substitutions reduce the 
ability of GATA1 to bind FOG1, while 
others impair DNA binding.

Although the observations in human 
patients confirmed the critical role for 
GATA1 in erythroid and MK develop-
ment, they left unanswered whether 
alterations of GATA1 might also play a 
role in neoplastic diseases. Numerous 
mechanistic studies, mostly in murine 
cells, found that GATA1 not only con-
trols the expression of genes that estab-
lish the erythroid phenotype but also 
genes required for cell cycle arrest. For 
example, GATA1 directly contributes to 
the silencing of genes associated with 
cellular proliferation such as Kit, Myc, and 
Myb, which are proto-oncogenes.16-18 
Failure to silence these genes might be 
expected to result in hyperproliferation 
of immature erythroid cells. However, 
GATA1 is also essential for the viability 
of erythroid precursors presumably by 
activating the expression of the Bcl-xl 
gene.19 Thus, loss of GATA1 leads to 
apoptosis of immature erythroid precur-
sors instead of hyperproliferation. This 
might explain why patients with con-
genital GATA1 mutations have not been 
noted to display a propensity towards 
erythroleukemias. However, it is note-
worthy that in murine models, impair-
ment of GATA1 function, in conjunction 
with additional changes that promote 
cell viability, contributes to erythroleu-
kemia (see below). In contrast to the ery-
throid compartment, megakaryocytes 
are susceptible to transformation owing 
to disrupted GATA1 function in human 
patients, which is discussed in the fol-
lowing section.

Megakaryoblastic Leukemias Caused 
by Mutations in the Hematopoietic 
Transcription Factor GATA1

Only 2 years following the discovery of 
the first germline mutations in the zinc fin-
ger region of GATA1, acquired mutations 
affecting the N-terminus of the protein 
were found in Down syndrome patients 
with acute megakaryoblastic leukemia 
(DS-AMKL).20 Intrigued by the observa-
tion that murine GATA1-deficient MKs 
not only fail to mature properly but 
also hyperproliferate,13 it was investigated 
whether mutations in GATA1 might be 
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associated with myeloid leukemias. 
GATA1 mutations were associated only 
with DS-AMKL but not any other sub-
types of acute myeloid leukemia.20 DS-
AMKL is characterized by an uncontrolled 
proliferation of immature MKs and occurs 
within the first 4 to 5 years of life. In the 
initial study, 6 of 6 patients with DS-
AMKL had mutations in GATA1. Muta-
tions were not detected in patients who 
were in therapy-induced remission, dem-
onstrating that the mutations were acquired 
somatically. This was the first example of 
GATA1 mutations playing a role in human 
cancer. Later studies extended these find-
ings and confirmed that almost all exam-
ined cases of DS-AMKL are associated 
with GATA1 mutations.10,21 Several differ-
ent kinds of mutations that all fell within 
the N-terminus of GATA1 were catalogued 
in DS-AMKL patients, including insertions, 
deletions, splice mutations, and non-sense 
and mis-sense mutations. All mutations 
lead to the usage of a downstream start 
codon, producing a truncated form of 
GATA1 called GATA1s (GATA1 short) that 
lacks the N-terminal 83 amino acids.

Patients with Down syndrome are 
highly predisposed towards the develop-
ment of leukemias, including AMKL.22 
Notably, in 10% of Down syndrome 
patients, a transient expansion of imma-
ture MK is diagnosed during late fetal 
development or around the time of birth. 
This disorder, referred to as transient 
myeloproliferative disorder (TMD), dis-
plays features of leukemia but, intrigu-
ingly, resolves spontaneously. Virtually 
all cases of TMD contain mutations in 
the GATA1 gene, leading to the produc-
tion of GATA1s. Approximately 20% of 
TMD patients progress to develop DS-
AMKL. This is likely due to additional 
mutations that are required for full trans-
formation. Thus, 3 entities conspire to 
produce DS-AMKL: trisomy 21, expres-
sion of GATA1s, and additional 
unknown mutation(s). Current efforts 
are geared towards identifying these 
mutations and delineating the genes on 
chromosome 21 that cooperate with 
GATA1s.

Longitudinal studies discovered that 
the same mutations that lead to GATA1s 

production in patients with TMD are 
found in those individuals that progress 
to AMKL, demonstrating that AMKL 
results from a clonal expansion of TMD 
cells.23,24 The transient nature of TMD 
indicates that fetal stage–specific hema-
topoietic precursor or stem cells, not 
their adult counterparts, are the cells of 
origin for TMD and AMKL. This is sup-
ported by studies showing that mice that 
express GATA1s instead of full-length 
GATA1 produce a transient hyperprolif-
erative phenotype involving MKs of 
fetal or embryonic but not adult origin.25 
Similar results were obtained when 
GATA1s was introduced via transgene-
sis into mice with low GATA1 expres-
sion.26 This suggests that a select 
stage-specific population of progenitor 
or stem cells is particularly susceptible 
to the effects of GATA1s. Another nota-
ble result from this study was that wild-
type fetal liver progenitor cells but not 
postnatal bone marrow cells infected 
with viral vectors expressing GATA1s 
developed hyperproliferative MK colo-
nies.25 This was interpreted to mean that 
the lack of the N-terminus of GATA1 
does not simply produce a molecule 
with impaired function but that GATA1s 
might act in a dominant manner. How-
ever, since GATA1s and wild-type 
GATA1 are not co-expressed in human 
AMKL cells (one allele is lyonized), this 
function might not be relevant to the 
disease.

What Are the Mechanisms  
of DS-AMKL by GATA1s?

GATA1s. How does the N-terminal 
truncation of GATA1 contribute to the 
transformation of MKs? GATA1s lacks 
an N-terminal transcriptional activation 
domain as originally defined in transient 
transfection assays in heterologous 
cells.27 However, when assayed in ery-
throid cells, it was revealed that this 
domain is largely dispensable for 
GATA1 function, especially when the 
truncated form of GATA1 is overex-
pressed.26,28,29 When introduced into 
GATA1-deficient MK, GATA1s was 
mostly capable of restoring MK matura-
tion but not cell cycle arrest, suggesting 

that the N-terminal activation domain is 
required for the regulation of a subset of 
genes involved in cell proliferation.30,31 
However, the question of “quality versus 
quantity” of mutant GATA1 in the con-
text of MK development and AMKL is 
not entirely settled. It is possible that 
translation initiation at the downstream 
start codon is less efficient in MKs, that 
the shorter version of GATA1 is less sta-
ble, or that the truncated molecule is 
functionally defective. Moreover, the lev-
els of GATA1s expression vary between 
different mutations with low levels being 
associated with increased risk towards 
AMKL progression.32 Thus, the quantity 
of the mutant protein contributes to the 
clinical phenotype. In addition, a defec-
tive version of GATA1 might function in a 
dominant manner by competing with endo-
genous GATA1 in the assays described 
above. Notably, GATA1s failed to inhibit 
the expression of Myb, Myc, Gata2, and 
Pu.1, which are thought to be direct 
GATA1 target genes.25 This suggests that 
the N-terminus of GATA1 might also 
serve to repress gene expression in some 
contexts. How the N-terminus of GATA1 
regulates transcription is unknown.

Trisomy 21 (T21). N-terminal trunca-
tion of GATA1 is not enough to cause 
leukemia in humans. Notably, an inher-
ited point mutation in exon 2 of GATA1 
leading to the production of GATA1s 
was associated with congenital macro-
cytic anemia and neutropenia but nor-
mal platelet counts in human patients 
without Down syndrome.33 The lack of 
leukemia in affected individuals indi-
cates that T21 is required in concert with 
GATA1s to promote malignant transfor-
mation. Most cases of childhood AMKL 
not associated with Down syndrome 
lack mutations in GATA1, which indi-
cates the existence of other pathways 
leading to this disease but also high-
lights the specific functional synergy of 
T21 and GATA1 mutations. A very inter-
esting finding supporting the T21/
GATA1s synergy stems from 2 patients 
with GATA1s-positive AMKL without 
Down syndrome. Leukemic blast cells 
from these patients were discovered to 
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have somatically acquired T21, again 
underscoring the critical role of an extra 
dose of chromosome 21 in conjunction 
with GATA1s.24 Yet, while T21 and 
GATA1s are hallmarks of DS-AMKL, a 
requirement of T21 for GATA1s-associated 
leukemia is not absolute. This was revealed 
by the observation of GATA1s expression 
in a rare case of AMKL in the absence of 
congenital or acquired T2134 and suggests 
that GATA1s can cooperate with other as 
yet unknown genetic or epigenetic events 
during leukemogenesis.

What is the contribution of T21 to 
DS-AMKL? Clearly, T21 by itself is not 
sufficient for AMKL development since 
most Down syndrome patients do not 
develop leukemia or TMD. However, 
Down syndrome fetal livers harbor ele-
vated numbers of erythromegakaryocyte 
progenitor cells (MEP) that are capable 
of producing erythroid and MK colonies 
of increased size when compared to nor-
mal counterparts.35-37 Thus, T21 favors 
the outgrowth of 2 GATA1-dependent 
cell lineages (erythroid and MK) at the 
expense of granulocyte-monocyte pro-
genitors. The elevated risk towards pro-
gression into TMD and AMKL might 
result from the increased number of cells 
that are susceptible to acquired muta-
tions such as those in GATA1 or other 
cooperating proto-oncogenes or tumor 
suppressor genes. The reason why Down 
syndrome patients do not display a pre-
disposition towards erythroleukemia is 
unknown but likely relates to an MK-
specific effect of the GATA1s produc-
tion. In an attempt to recapitulate the 
human condition in an animal model, 
mice were generated that bear human 
chromosome 21 along with transgenic 
GATA1s. While these animals displayed 
increased megakaryopoiesis, they did 
not develop TMD or AMKL, indicating 
that additional alterations are needed to 
produce these disorders in mice.38

A discussion of all possible candi-
dates on the critical region of chromo-
some 21 is beyond the scope of this 
article, and the reader is referred to a 
recent review.22 However, it is clear that 
subtle changes (1.5-fold above normal) 

in gene expression seem to exert pro-
found biological effects. Some of the 
best candidate proteins such as RUNX1, 
ETS2, and SON were not or only subtly 
overexpressed in T21 hematopoietic 
progenitor cells.35,37,39 Among these, 
RUNX1 had been deemed an especially 
attractive candidate due to its known 
involvement in leukemias, its require-
ment for embryonic/fetal hematopoiesis, 
and its ability to interact with the N- 
terminus of GATA1. Also, no mutations 
in the RUNX1 gene were found in DS-
AMKL.40 Another candidate is the onco-
gene ERG, a member of the ETS family 
on human chromosome 21 that is 
expressed in DS-AMKL.41 ERG syner-
gizes with GATA1s to immortalize MK 
progenitors.42,43 Of note, a potentially 
oncogenic micro-RNA miR-125b was 
found to be overexpressed 3-fold in 
DS-AMKL cells when compared to 
non–DS-AMKL.44 Forced expression of 
miR-125b-2 promotes the prolifera-
tion of MEP. Importantly, miR-125b-2 
synergized with GATA1s in stimulating 
the growth of MKs. This established 
miR-125b-2 as an important candidate 
in DS-AMKL. Nevertheless, the hunt 
for additional relevant gene(s) on chro-
mosome 21 is in full swing and will 
likely produce significant new insights 
into the multistep nature of human 
leukemias.

Mouse Models of Leukemias Related 
to GATA1 Function

Mice with targeted deletions of enhancer 
elements that reduce the expression of 
GATA1 produce disorders, including 
myelofibrosis and an erythroleukemia-
like phenotype.45-47 It should be pointed 
out that there is no evidence that dele-
tions or point mutations in the GATA1 
locus contribute to these disorders in 
human patients. Nevertheless, relevant 
findings will be discussed here as they 
are instructive with regards to general 
mechanisms of leukemogenesis.

Deletion of a critical regulatory  
element in the murine GATA1 gene  
leads to reduced expression of GATA1 
(GATA1low), resulting in lethal anemia.47 

However, in contrast to GATA1-null 
mice, a small fraction of GATA1low ani-
mals survive, are thrombocytopenic, and 
develop myelofibrosis at around 1 year of 
age. Myelofibrosis is characterized by 
fibrotic degeneration of the bone marrow, 
increased numbers of immature MKs, 
anemia, and extramedullary hematopoie-
sis. In humans, myelofibrosis is a preleu-
kemic condition. While initial studies did 
not detect dramatic reductions in GATA1 
expression in the bone marrows of human 
myelofibrosis patients,48 the number of 
MKs lacking detectable GATA1 protein 
appeared elevated in bone marrow sam-
ples of such patients.49 This is consistent 
with the hypothesis that reduced GATA1 
expression leads to expansion of imma-
ture MKs. These cells in turn are thought 
to increase cytokine production that con-
tributes to the fibrotic conversion and 
ultimately impaired function of the bone 
marrow.

In a separate mouse model in which 
GATA1 levels amount to approximately 
5% of wild-type (GATA1.05), lethal anemia 
was found in male but not female mice 
(GATA1 is on the X chromosome).46 
Viable female mice exhibit a myelodys-
plastic syndrome–like phenotype with 
erythroid and MK hyperplasia. More-
over, within 5 months of age, a large 
proportion of GATA1.05 mice devel-
oped leukemia with erythroblastic fea-
tures.45 Curiously, a fraction of 
GATA1.05 mice developed B lympho-
cytic leukemia, but the reason for this is 
unknown.

Together, the above studies show that 
structural alterations of GATA1 produce 
distinct phenotypes from those that are 
due to reduced GATA1 expression. One 
interesting conclusion from the study of 
animals with reduced GATA1 expres-
sion is that low GATA1 levels are neces-
sary and sufficient for viability of 
immature precursor cells, but the full 
amount of GATA1 is required for their 
maturation and cell cycle arrest.

No review on GATA1 in leukemo-
genesis would be complete without 
mentioning that the direct impairment of 
GATA1 function by oncogenic proteins 
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has been linked to leukemic transforma-
tion in murine systems. For example, the 
Ets family transcription factor PU.1 
(also called Spi-1) is upregulated by 
nearby insertion of the Friend leukemia 
virus that causes murine erythroleuke-
mia (MEL).50 PU.1 physically interacts 
with GATA1 and inhibits its activity.51 
This contributes to the differentiation 
arrest in erythroid cells, thus aiding leu-
kemogenesis. In support of this idea, 
forced expression of GATA1 in cultured 
MEL cells overrides the differentiation 
block and triggers cellular maturation 
and exit from the cell cycle.51 Similarly, 
the gene encoding the Ets factor Fli-1 
(Spi-1B) is another frequent target of 
viral insertion-mediated activation in 
MEL.52 Fli-1 can interfere with GATA1 
activity in certain contexts,53 perhaps 
through direct physical interaction,54 
and might block erythroid maturation.

Finally, the AML1-ETO fusion pro-
tein, which is found in some human acute 
myeloid leukemias and impairs erythroid 
differentiation, can interact with GATA1 
and inhibit its activity.55 Interestingly, 
both AML-ETO and PU.1 inhibit the 
acetylation of GATA1, a modification 
essential to GATA1’s ability to function 
in erythroid cells.55-57 These examples 
illustrate that GATA factors can serve as 
targets of binding partners with onco-
genic properties. This concept can theo-
retically be extended to numerous other 
molecules with transforming potential 
that interact with GATA1. These include 
CBP and p300,58,59 components of the 
NuRD complex,60,61 and the SCL/TAL 
complex.62

Transcription Factor GATA3
GATA3 was first identified in a screen 
for GATA factors in the T cell lin-
eage.63,64 GATA3 plays an essential role 
in early T cell development and the 
specification of the Th2 subset of T cells 
(reviewed in Ho et al.65). Later, it was 
discovered that GATA3 performs criti-
cal functions outside of the hematopoi-
etic system. This includes roles in the 
development of the epithelial structures 

of the mammary gland,66,67 skin, inner 
ear, central nervous system, and kidney 
(reviewed in Chou et al.7). This section 
will primarily focus on the role of 
GATA3 in normal mammary develop-
ment and breast cancer but will also 
briefly summarize the role of GATA3 in 
other cancers. For a more comprehen-
sive review of the biology of GATA3 
and its involvement in human diseases, 
the reader is referred to an excellent 
recent article by Chou et al.7

GATA3 Is Essential for the 
Development of Mammary Epithelium

GATA3 contributes to the development 
of multiple organ systems in both mice 
and humans. GATA3-null mice die 
between E11 and E12 and display diverse 
defects, including internal bleeding, 
growth retardation, brain and spinal cord 
abnormalities, and impaired fetal liver 
hematopoiesis.68 In humans, haploinsuf-
ficiency of GATA3 results in the autoso-
mal dominant HDR (hypoparathyroidism, 
deafness, and renal dysplasia) syndrome, 
also known as Barakat syndrome.69 Nota-
bly, the same GATA3 mutation found in 
the germline of HDR patients was 
detected among diverse GATA3 muta-
tions in breast tumors (see below).70

GATA3 has emerged as a key factor in 
the development of the mammary epithe-
lium.66,67 The mammary gland is com-
prised of 3 mature epithelial cell types, 
namely ductal and alveolar luminal epi-
thelial cells, and myoepithelial cells, 
which derive from common multipotent 
progenitors.71 GATA3 is the most abun-
dantly expressed transcription factor in 
the mammary ductal epithelium, specifi-
cally in luminal epithelial cells.66,67 Con-
ditional deletion of GATA3 in the 
mammary epithelium at various stages 
during development showed that GATA3 
is required for branching morphogenesis 
and for the differentiation of luminal epi-
thelial cells. Importantly, in adult mice, 
conditional GATA3 deficiency leads to 
the dedifferentiation of luminal epithelial 
cells with increased proliferation and 
diminished adhesion, ultimately resulting 
in apoptosis. GATA3 is also capable of 

promoting cellular differentiation towards 
specific celllineages. Overexpression of 
GATA3 in cell populations enriched for 
mammary stem cells promotes the forma-
tion of alveolar epithelial differentia-
tion.66 The requirement of GATA3 for 
lineage specification and cell maturation 
is reminiscent of the role of GATA1 in the 
erythroid-MK compartment. Moreover, 
by constraining the proliferation of 
immature progenitor cells, GATA3 might 
function similar to a tumor suppressor, an 
idea further supported by studies in 
human cancers and mouse models. Yet, if 
GATA3 functions as a classic tumor sup-
pressor in the mammary epithelium, hap-
loinsufficiency would be expected to 
predispose HDR patients to breast cancer. 
However, to our knowledge, this has not 
been reported.

GATA3 in the Pathogenesis  
of Breast Cancer

When compared to estrogen receptor–
positive (ER+) breast cancers, the ER-
negative (ER–) counterparts are less well-
differentiated and more malignant. Based 
on several microarray studies that pro-
filed gene expression states in ER+ and 
ER– breast cancer, loss of GATA3 expres-
sion was found to also be a reliable indi-
cator of poor prognosis (reviewed in 
Chou et al.7). In breast cancer cell lines 
and primary tumors, GATA3 expression 
was strongly correlated with ER expres-
sion.72 Moreover, low or lack of GATA3 
expression is associated with shorter sur-
vival, more malignant histological fea-
tures, positive lymph nodes, increased 
tumor mass, lack of progesterone recep-
tor expression, and overexpression of the 
epidermal growth factor receptor 2 
(HER2/Neu), which in its own right is 
associated with aggressive forms of 
breast cancer.73 Strikingly, even in cases 
of ER+ breast cancers, failure to respond 
to hormonal therapy and poor prognosis 
are associated with lack of GATA3 
expression.73,74 At present, it remains 
unresolved whether GATA3 expression 
has prognostic status independent of 
ER.73,75 In addition, a small fraction of 
human breast cancers contained acquired 
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mutations in GATA3 that are predicted to 
alter GATA3 function.70 However, these 
mutations occurred in a heterozygous 
state. Moreover, the GATA3 mutation-
bearing cancers were of the luminal ER+ 
subtype and expressed GATA3 from the 
wild-type allele. Thus, the contribution of 
GATA3 haploinsufficiency to the patho-
genesis of these cancers, if any, is 
uncertain.

Mouse Models Implicate GATA3 in 
Breast Cancer Progression  
and Metastasis

GATA3 was implicated in the malignant 
progression of luminal breast cancer in a 
mouse model in which an oncoprotein, 
the polyoma middle T antigen (PyMT), is 
expressed from a transgene under the 
control of the mammary epithelial- 
specific MMTV promoter.76 The pro-
gression of tumors from hyperplasia to  
well-differentiated adenomas and, sub-
sequently, metastatic adenocarcinomas 
in the MMTV-PyMT model recapitu-
lates the development of the disease  
in humans.77-79 Transcriptome analysis 
comparing adenomas with late carcino-
mas revealed a loss in the latter of differ-
entiation markers, including luminal 
differentiation genes.76 Notably, GATA3 
expression was also downregulated. Thus, 
tumor cells assumed features and surface 
markers similar to mammary epithelial 
stem cells. In addition, loss of GATA3 
was associated with the ability of tumor 
cells to disseminate. Retroviral delivery 
of GATA3 into cells from early tumors 
led to luminal cell differentiation and 
decreased tumor spreading.76 In late 
carcinomas, the GATA3 gene was hyper-
methylated consistent with its lack of 
expression. One possible scenario sug-
gests that GATA3 is silenced epigeneti-
cally in early adenomas, triggering 
conversion into more malignant cells, 
which then outgrow the other cells. How-
ever, this idea was tested elegantly and 
found to be unlikely. Specifically, condi-
tional deletion of GATA3 in early  
tumors led to apoptosis and detachment 
of adenoma cells from their basement 
membrane,76 indicating that deletion of 

GATA3 in differentiated cells is not suf-
ficient for tumor development. This sug-
gests an alternative scenario in which 
transforming events occur in a cell popu-
lation that is a priori GATA3 negative, 
that is, early progenitors or stem cells, 
which then outpaces the other cells in the 
lesion.76 Thus, GATA3 does not appear to 
function as a conventional tumor sup-
pressor but as a differentiation agent. 
This might help to explain why predispo-
sition to breast cancer has not been 
reported in HDR patients. Moreover, this 
raises the question as to what extent 
somatic mutations in GATA3 found in 
human breast cancers are bone fide driv-
ers of tumor progression. Finally, it 
becomes important to consider that 
“silencing” of GATA factors in other can-
cers, such as GATA4 and GATA5 in 
colorectal cancers (see below), might 
similarly reflect an outgrowth of a popu-
lation of cells that never expressed these 
factors in the first place.

In a separate mouse model of breast 
cancer, GATA3 was found to inhibit the 
metastatic seeding of breast cancer 
cells.80 When overexpressed in a cell 
line selected for high metastatic poten-
tial to the lung, GATA3 was capable of 
reducing tumor burden and metastases. 
While generally in agreement with the 
study above, it was additionally noted 
that, in this particular model, GATA3’s 
ability to suppress metastasis could be 
uncoupled from its ability to promote 
differentiation of malignant mammary 
epithelial cells. This conclusion was 
reached based on the downregulation by 
GATA3 of prometastatic genes and the 
upregulation of genes inhibitory to 
metastasis while luminal differentiation 
markers were unchanged.80

Epithelial mesenchymal transition 
(EMT) is one of the mechanisms by 
which tumors can develop invasiveness 
and the ability to detach from the tissue 
of origin and seed distant organs. One 
study found that GATA3, when 
expressed in a GATA3-deficient breast 
cancer cell line, reverses EMT in part by 
promoting the expression of E-cadherin 
and repressing mesenchymal proteins 

N-cadherin and vimentin.81 This was 
associated with reduced tumor burden 
and diminished dissemination into the 
lungs. Conversely, knockdown of GATA3 
in a GATA3-positive breast cancer cell 
line increased tumor volume and lung 
metastasis compared to controls. One 
mechanism by which GATA3 can reverse 
EMT is potentially through its activation 
of the cell-cell adhesion protein E- 
cadherin, which is normally downregu-
lated in EMT.81

GATA3 in Other Cancers

While GATA3 is inhibitory to tumor for-
mation in the breast, it seems capable of 
promoting carcinogenesis in lymphoid 
precursor cells. Mice in which GATA3 is 
overexpressed under the control of the 
human CD2 locus control region 
develop CD4+ CD8+ double-positive 
(DP) T cell lymphoma.82 GATA3 con-
verts DP thymocytes into a premalignant 
state, which is marked by increased cell 
size and increased Myc expression.83 
The stimulatory effects on Myc expres-
sion appear to be indirect and contrast 
with the inhibition of Myc expression by 
GATA1 in erythroid cells. This is yet 
another example demonstrating that the 
function of GATA factors is highly con-
text dependent. Whether GATA3 plays a 
role in human T cell malignancies is 
unknown. However, we speculate that 
overexpression of SCL/Tal1, which 
occurs frequently as a result of chromo-
somal translocations in human T cell 
acute lymphoblastic leukemias (T-ALL), 
might affect GATA3 function in imma-
ture T cells. SCL/Tal1 via an intermedi-
ary protein can physically interact with 
GATA factors and modulate their activi-
ties. In support of this model, in human 
T-ALL cell lines, SCL/Tal1 was recruited 
via GATA3 to the promoter of the 
NKX3.1 homeobox gene to upregulate 
its expression.84 Nkx3.1 in turn is required 
for T-ALL cell proliferation and leuke-
mia development in mice.84 This pro-
vides another example of how a GATA 
factor might serve as a conduit for the 
action of an oncogenic protein.
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In this context, it is worth mentioning 
that there are several studies assessing 
the expression of GATA3 and other 
GATA factors in diverse cancers. For 
example, GATA3 is overexpressed in 
pancreatic cancer cell lines and primary 
pancreatic cancers.85 GATA2, GATA3, 
GATA4, and FOG2 are expressed in 
human neuroblastoma, with overexpres-
sion of GATA4 correlating with less 
favorable subtypes and overexpression 
of GATA2, GATA3, and FOG2 with 
more favorable subtypes.86 In neuroblas-
toma cell lines, GATA3 was found to 
positively regulate cyclin D1, which 
maintains cells in an undifferentiated 
state,87,88 suggesting that GATA3 has 
oncogenic potential in neuroblastoma.

GATA4, GATA5, and GATA6 
in Human Cancers
These 3 GATA factors will be discussed 
here together mostly because our knowl-
edge of their function in human cancers is 
not yet as rich as that about GATA1 and 
GATA3. Altered expression of GATA4, 
GATA5, and GATA6 is associated with a 
broad range of tumors emerging from the 
gastrointestinal tract, lungs, ovaries, and 
even the brain. However, it should be 
stated right at the outset that, to date, pub-
lished reports are mostly correlative and, 
in contrast to studies on GATA1 and 
GATA3, are not yet fully complemented 
by functional experiments and mouse 
models of these cancers.

GATA4, GATA5, and GATA6 are 
expressed predominantly in endoderm- 
and mesoderm-derived tissues (for 
review, see Molkentin89). They all har-
bor a highly conserved double zinc fin-
ger domain and even share a significant 
degree of similarity among their activa-
tion domains. All 3 are expressed in 
distinct but overlapping patterns. For 
example, they are all expressed in the 
heart and gut epithelium, although 
GATA4 is detected in the proximal parts 
of the gastrointestinal tract, whereas 
GATA6 is expressed throughout the 
small and large intestines.90,91 As to the 
intestinal cell types of expression, the 

literature is quite complex and not always 
in agreement, which might be due to the 
study of distinct organisms and limitations 
of the antibodies used. Nevertheless, it 
has been suggested that GATA4 and 
GATA5 tend to mark fully differentiated 
epithelial cells, while GATA6 is expressed 
in the immature proliferating cells in the 
intestinal crypts. This would implicate 
GATA4 and GATA5 as potential tumor 
suppressors and GATA6 as a potential 
oncogene.91-93

Point mutations in GATA4 cause 
congenital cardial septal defects in 
human patients, highlighting the impor-
tance of GATA4 for normal heart devel-
opment.94 Mice null for GATA4 die in 
utero due to failed heart morphogenesis, 
but animals heterozygous for GATA4 
deletion (GATA4 +/−) appear nor-
mal.95,96 A role of GATA4 as a tumor 
suppressor might be expected to mani-
fest itself in increased susceptibility to 
cancer in GATA4 +/− mice, which has 
not been described. The augmentation in 
cancer rates due to loss of heterozygos-
ity at the GATA4 locus might require the 
cooperation of additional genetic events. 
Likewise, no increased rates of cancer 
have been described in mice nullizygous 
for GATA597 or heterozygous for loss of 
GATA6 (homozygous loss of GATA6 is 
an early embryonic lethal).98

While, to date, no mutations or dele-
tions of the GATA4 and GATA5 genes 
have been discovered in human cancers, 
silencing of their expression seems to be 
widespread in colorectal and gastric 
cancers. Expression of GATA4 and 
GATA5 but not GATA6 was extin-
guished in the majority of cell lines from 
colorectal (CRC) and gastric (GC) can-
cers as well as in primary tumors.92 
Silencing was associated with hyper-
methylation of the GATA4 and GATA5 
promoter sequences. Moreover, candi-
date target genes of these GATA factors 
were commensurately decreased in their 
expression and also displayed methyl-
ated promoters. Treatment with a DNA 
methyltransferase inhibitor or genetic 
disruption of DNA methyltransferases 
led to reactivation of GATA4, GATA5, 

and their target genes in CRC cell lines. 
Moreover, forced expression of GATA5 
in CRC cells also led to reactivation of 
target gene expression. A more recent 
study confirmed these findings by show-
ing GATA4 and GATA5 promoter meth-
ylation in over two thirds of CRC.99 
Methylation was not significantly corre-
lated with stage, histological subtype, or 
grade of differentiation of the disease, 
suggesting that GATA4 and GATA5 
silencing might be an early event during 
carcinogenesis. Forced expression of 
GATA4 or GATA5 in CRC cell lines 
impaired their proliferation and migra-
tion, suggesting that loss of GATA5 
expression in cancer cells is functionally 
important.

As mentioned above, GATA4 is 
expressed only in the proximal parts of 
the intestinal tract in humans and mice. 
The question then is if GATA4 is not 
expressed in colorectal epithelial cells in 
the first place, how can lack of GATA4 
expression be relevant to the disease? It 
remains possible that expression is too 
low to be detectable or that it is restricted 
to only a subpopulation of cells that give 
rise to CRC such as the stem/progenitor 
cells in the colonic crypts. Alternatively, 
even if GATA4 were already silenced in 
colorectal epithelial cells prior to their 
transformation and therefore be irrele-
vant to the process, overexpression of 
GATA4 in CRC cells might generate the 
same effects as GATA5 due to overlap-
ping activities.

One interesting aspect of these stud-
ies is that the high rate of promoter 
methylation could be exploited as a 
marker for early detection. Indeed, stool 
samples from CRC patients frequently 
revealed methylated GATA4 promoter 
DNA, but the sensitivity of the assay 
requires further improvement to be clin-
ically useful.99

In conceptually related studies, 
GATA4 and GATA5 were found to be 
extinguished in a large fraction of lung 
and esophageal cancers. GATA4 and 
GATA5 promoter methylation and loss 
of expression were detected in 67% and 
41%, respectively, in primary human 
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lung cancers, while GATA6 was contin-
uously expressed.100 Promoter methyla-
tion was unrelated to the stage of the 
disease. Remarkably similar results 
were obtained in studies of esophageal 
cancer. While normal esophageal 
mucosa expresses GATA4 and GATA5, 
squamous cell carcinomas displayed 
GATA4 and GATA5 promoter methyla-
tion in 61% and 32%, respectively. The 
numbers in adenocarcinomas amounted 
to 71% (GATA4) and 55% (GATA5). 
GATA6 expression was maintained in 
all samples. Together, these studies sup-
port the idea that loss of GATA5 and 
GATA4 by epigenetic silencing might 
contribute to malignant transformation 
and are consistent with these factors 
functioning as tumor suppressors. It 
remains an open question as to what 
causes these silencing events. It is pos-
sible that genetic insults or even stochas-
tic events lead to repression of the 
GATA4 and GATA5 genes that is subse-
quently maintained by epigenetic mech-
anisms such as DNA methylation.

The function of GATA factors depends 
on cell and promoter context. While 
GATA4 might promote differentiation in 
one cell type and thus function as a tumor 
suppressor, its role in other cell types 
might be distinct. For example, elevated 
GATA4 levels are associated with poor 
prognosis in ovarian granulosa cell 
tumors.101 It has been suggested that 
GATA4 promotes the expression of the 
antiapoptotic factor Bcl2 and cyclin 
D2.102 Thus, in granulosa cells, GATA4 
might function as an oncoprotein.

Seemingly opposing functions during 
carcinogenesis have also been described 
for GATA6. In a very elegant study, 
GATA6 was discovered as a tumor sup-
pressor of astrocytoma in a gene trap-
ping screen.103 The great majority of 
human glioblastomas (which can arise 
from low-grade astrocytomas) but not 
low-grade astrocytomas displayed loss 
of GATA6 expression, mutations in 
GATA6, and loss of heterozygosity. Re-
expression of GATA6 in human malig-
nant astrocytoma cells inhibited their 
growth. This establishes GATA6 as a 

bona fide tumor suppressor in this 
disease, marking the progression from 
low-grade astrocytoma to malignant 
glioblastoma. Conversely, overexpres-
sion of GATA6, in part due to gene 
amplification, was observed in approxi-
mately half of pancreatic carcino-
mas.104,105 Knockdown or overexpression 
of GATA6 in pancreatic carcinoma cell 
lines modestly increased and decreased, 
respectively, cell proliferation rates, 
supporting a role for GATA6 during 
tumorigenesis. GATA6 was also found 
to be highly expressed in human colon 
cancer samples.106 Thus, not unlike other 
transcription factors, GATA6 has a split 
personality with regard to its oncogenic-
ity, depending on cell type.

If select GATA factors can function 
as tumor suppressors, it might be 
expected that impairment of co-factors 
might also predispose to cancer. FOG1 
and FOG2 are multitype zinc finger pro-
teins that associate with the N-terminal 
zinc finger of GATA proteins107; FOG 
proteins are expressed in a tissue-specific 
manner and are required for most but not 
all GATA factor functions. To our knowl-
edge, mutations in the FOG genes have 
not been described in human cancers. 
However, a chromosomal translocation 

fusing the AML1 gene to FOG2 has 
been observed in a case of lethal myelo-
dysplastic syndrome.108 The reciprocal 
translocation (FOG2-AML1) is also 
expressed. It is possible that the result-
ing fusion proteins interfere with the 
functions of AML1 (also known as 
RUNX1) and/or the hematopoietic GATA 
factors GATA1 and GATA2. In this 
regard, it is worth mentioning prelimi-
nary data showing that aged mice 
homozygous for targeted point muta-
tions in FOG1 that disrupt binding to 
the NuRD chromatin remodeling com-
plex109 have a propensity to develop 
liver cancer at a higher rate than con-
trols (R.Z. and G.A.B., unpublished 
observation). Since GATA4 and GATA6 
are expressed in the liver, this suggests 
that the GATA/FOG1/NuRD axis might 
function as a tumor suppressor pathway 
in the liver.

Finally, evidence for a direct role of 
another GATA factor, GATA2, in human 
malignancies is sparse. This is somewhat 
surprising since GATA2 is associated 
with early progenitor and stem cells in 
the hematopoietic compartment and 
marks proliferative cell populations. 
However, there have been hints at its 
involvement in leukemia. For example, 

Figure 1. Mechanisms by which GATA factor activity can be altered during carcinogenesis include 
mutation, overexpression, silencing by promoter methylation, or interference by proteins that bind 
GATA factors. Please see text for details. Nf = N-terminal zinc finger; Cf = C-terminal zinc finger.
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it was shown that the PML-RARa trans-
location fusion protein characteristic of 
acute promyelocytic leukemia (APL) 
interacts with GATA2 and modulates its 
activity,110 suggesting that part of PML-
RAR’s leukemic action is mediated by 
GATA2. Moreover, 2 distinct types of 
mutations in the zinc finger domain of 
GATA2 were found in a subset of human 
chronic myelogenous leukemias (CML) 
but not other types of leukemias such as 
AML or ALL.111 Although these muta-
tions had opposite effects on the transac-
tivation properties of GATA2 in 
transfection assays, they both appeared 
capable of inhibiting myeloid differenti-
ation of leukemic cell lines in vitro. 
These studies suggest that further searches 
for changes in the structure or expres-
sion of GATA2 might uncover a broader 
role of this factor in human diseases.

Summary and Perspective
All the above considerations implicate 
GATA factors and their co-factors as 
participants in pathways, leading to can-
cer in diverse tissues. GATA factor 
activity can be altered by mutation, 
overexpression, loss of expression, or 
functional interference by interacting 
proteins (Fig. 1). This multitude of 
mechanisms capable of subverting nor-
mal transcription factor function likely 
applies to other proto-oncoproteins and 
tumor suppressor proteins as well.

It has been argued perhaps somewhat 
cynically that most transcription factors 
when overexpressed have the potential to 
either promote or inhibit cell proliferation 
or viability. Whether this turns out to be 
true remains to be seen. Nevertheless, 
most transcription factors are restricted in 
their expression patterns and display a 
degree of selectivity towards a limited set of 
genes. Importantly, as with all eukaryotic 
transcription factors, GATA factors work 
in combination with other DNA binding 
proteins and co-regulator molecules to 
establish specific patterns of gene expres-
sion. This degree of specificity could 
be exploited to manipulate gene expres-
sion in a targeted manner as an approach 

to treat diseases involving GATA factors. 
DNA binding proteins are generally 
considered relatively poor drug targets. 
However, GATA factors, very much 
like most transcription regulators, 
seed higher order molecular complexes 
consisting of diverse co-regulators with 
enzymatic activity. This includes 
chromatin-modifying enzymes such 
as acetyl-transferases, de-acetylases, 
methyl-transferases, and ATPases. 
Although these enzymes are typically 
expressed in many cell types, they cer-
tainly do not all function in a ubiquitous 
manner and might be limiting in select 
gene contexts. To identify these vulnera-
bilities and to exploit them through the use 
of pharmacological compounds is a chal-
lenge that is likely going to be rewarding.
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