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Abstract. Despite exhaustive studies, molecular mechanisms governing blastocyst formation, implantation to the uterine
endometrium and placentation have not been definitively characterized. GATA family proteins are a group of zinc finger
transcription factors, for which gene ablations eventually result in embryonic death later in pregnancy. These findings
suggested that GATA factors are not essential for early embryonic development. However, recent studies from our laboratory
and others have revealed that GATA proteins are involved in the regulation of key genes expressed by the trophectoderm
that underpin the transition from the morula to trophoblast, and trophectoderm maintenance. Consequently, it is important to
consider the current understanding how GATA factors govern early trophectoderm development.
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I n most mammals, conceptus implantation to the uterine endometrium
consists of blastocyst hatching, migration, apposition/attachment,
invasion, and subsequent placental formation. It is known that close
to 50% of fertilized preimplantation embryos in mammals, including
humans, fail to implant [1]. Although numerous transcription factors
and their downstream genes involved in trophoblast development have
been identified [2, 3], the regulation of trophectoderm (TE)-specific
gene expression has not been definitively characterized. A lack of
our knowledge on implantation mechanisms and TE-specific gene
regulation may have limited the improvements in pregnancy success.

GATA transcription factors are so named for their highly conserved
zinc finger domains that bind to the consensus DNA sequence
W(A/T)GATAR(A/G) (GATA motif), resulting in transcriptional
regulation of downstream genes [4, 5]. They have been found
throughout the eukaryote spectrum, including fungi and plants as
well as invertebrates and vertebrates [6]. In vertebrates, including
mammals, six GATA factors (GATA1 through GATA6) have been
identified, and based on sequence homology and tissue distribution,
these GATA factors have been divided into two subfamilies. In mice,
the mRNA and proteins of all six GATA factors were detected during
the embryonic development process (Table 1). GATA1, GATA2 and
GATA3 regulate development and differentiation of hematopoietic
lineages [7-9], while GATA4, GATAS and GATAG are involved in
cardiac development and endodermal derivatives [10-12]. In Gata
gene ablation studies, with the exception of GataJ, lack of each
Gata gene resulted in mid-gestation lethality [7—12] (Table 2). For
these reasons, GATA factors had been considered not important for
early embryonic and/or trophoblast development.

Received: June 14, 2012

Accepted: August 22, 2012

©2013 by the Society for Reproduction and Development
Correspondence: K Imakawa (e-mail: akaz@mail.ecc.u-tokyo.ac.jp)

Over the past three years, GATA3 was found to assist TE dif-
ferentiation in mice [13, 14], while our laboratory was discovering
that GATA2 and GATA3 regulate interferon tau (IFNT) and other
TE-specific gene transcriptions in ruminants [15, 16]. Because of these
findings, we believe that GATA factors play roles, yet unidentified,
in peri-implantation development, including both species-specific
functions and those universal across vertebrate species. This review
details the currently ascribed functions of the GATA factors during
the peri-implantation period with emphasis on the hematopoietic
group of GATA1, GATA2, and GATA3 in TE development and
TE-specific gene expressions.

Trophoblast Lineage Development

The trophoblast lineage, derived from the extraembryonic
trophectoderm, is the first differentiated cells arising from the pre-
implantation embryos in mammals [17]. Trophoblast development and
differentiation in the mouse have been well studied. The blastocyst
hatches from the zona pellucida at 3.5 day post coitum (dpc) in mice
[18], and trophectodermal cells that line the blastocoel cavity (mural
trophectoderm) differentiate into trophoblast giant cells (TGCs)
coincident with the implantation process around 5-6 dpc. Among
numerous factors well studied in mice, a caudal-type homeodomain
transcription factor Cdx2, expressed from 4-cell stage embryos
predominantly in the outer blastomeres, has been characterized as
the factor involved in the decision of TE cell lineage [13, 14, 19-21].
Recently, GATA3 was found to be capable of inducing trophoblast
fate in embryonic stem cells and driving trophoblast differentiation
in trophoblast stem cells (TS) [14]. In addition to these observations,
we also confirmed that all six GATA mRNAs exist in bovine and/
or ovine conceptuses during the peri-implantation periods [15, 22
and unpublished observations]. The presence of six GATA mRNAs
in the bovine and/or ovine conceptuses suggests that these factors
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Table 1. GATA Transcription factor mRNA and protein expression in mice

GATA factors RN/Z;ZEI:ZSIOH ﬁ?;ihz(;%s References Prote(ljr; teet;t)ersssmn l\lﬁfihz(;(és References
GATAL1 E1.5 (2-cell) R E6.75 Im [56]
GATA2 E1.5 (2-cell) R E10.5 Im [57]
GATA3 E2.0 (4-cell) R E3.5 (blastocyst) Im [13]
GATA4 E1.5 (2-cell) R E4.0 Im [58]
GATAS E7.0 ISH E9.5 Im [59]
GATA6 E1.5 (2-cell) R E4.0 Im [58]
Methods: Im, immunohistochemical staining; ISH, in situ hybridization; R, RT-PCR.
Table 2. Embryonic lethality of Gata gene knockout mice
GATA factors Lethality of knockout mouse Cause References
Gatal E10.5-EI1.5 Embryonic erythropoiesis arrest [7]
E12.5 (Hematopoietic 95% reduction of Gatal mRNA maturation arrest in proerythropoiesis [60]
promoter-specific disruption)
Gata2 E10.5 Failure to develop all hematopoietic lineages (severe anemia) [8]
Gata3 E11.0-12.0 Massive internal bleeding, marked growth retardation, severe deformities of the [9]
brain and spinal cord, and gross aberrations in fetal liver hematopoiesis
E12.0 Failure to give rise to thymocytes or mature peripheral T cells [61]
Gata4 E7.0 - E9.5 Lack primitive heart tube and foregut, developed partially outside the yolk sac [10]
E8.5-E10.5 Defect in rostral-to-caudal and lateral-to-ventral folding [62]
Gatas No embryonic lethality Abnormalities of genitourinary tract (female) [11]
Gata6 E6.5-E7.5 Defects in visceral endoderm function and extraembryonic development [12]
Gata4"~ Gata6"~ EI13.5 Abnormal vascular development [63]

Gata4"~ Gata5'~ El14.5

Cardiovascular defects

[64]

may play roles other than those already known for erythropoiesis
and heart formation.

GATA-regulated Cellular Events

The GATA factor is associated with differentiation processes in
various cells and tissues. GATAL is critical for terminal maturation of
erythroid and megakaryotic cells [23, 24], the early stage of eosinophil
differentiation [25], and the late stage of mast cell differentiation
[26]. GATA2 is expressed in undifferentiated hematopoietic cells and
is involved in the maintenance of these cells at the undifferentiated
state, while GATA3 is involved in the differentiation of Th2 cells
from immature T cells [27]. The demise of transgenic mice seems
to be unrelated to apparent defects in early TE development (Fig.
1, Table 2). However, since GATA factors have both distinct and
overlapping expression and biological functions [7, 8, 28-31], it is
possible that redundant expression and functions of other GATA
factors might compensate for those inactivated in knockout mice.

GATA-regulated Genes

It is thought that GATA factors contribute to regulation of gene
expression while balancing with an expression pattern and the
expression level, and the expression level is important in GATAS’
functions [32]. A number of genes regulated by GATA2 and/or
GATA3 in trophoblast cells and placental tissues are shown in Table
3. GATA2 and GATA3 are expressed in TGC of the mouse placenta,

and involved in placental development. Placentation sites lacking
GATA2 have significantly less neovascularization compared with
the wild-type placenta [33]. GATA2 was shown to contribute to both
positive and negative regulation of mouse trophoblast cell-specific
gene expressions [34]. GATA2 and GATA3 regulate trophoblast
specific PL-1 (Pri3d1) and proliferin (Prl2c2) gene expression in
vivo and in vitro in the mouse [33, 35], the rat [36] and the ovine
[37]. We also found that GATA2 and/or GATA3 regulate TGC related
factors such as PL-1, and HANDI in bovine trophoblast CT-1 cells
[16]. Furthermore, we examined whether or not GATA2 and GATA3
directly regulated TE-specific genes such as I[FNT, CDX2, and PL-1
in bovine trophoblast CT-1 cells. Over-expression of GATA2 and/
or GATA3 effectively upregulated these TE-specific gene-reporter
constructs, transfected into bovine non-trophoblast ear fibroblast
(EF) cells [15, 16]. These results are similar to previous studies in
which GATA2 and GATA3 induced PL-1 transcription in transfected
mouse non-trophoblast (fibroblast) cells [35]. These studies indicate
that forced expression of GATA2 and/or GATA3 in non-trophoblast
EF cells conditions the non-trophoblast cells to support TE-specific
gene transcription. This does not preclude the possibility of other
functions; GATA factors may control many other genes. In fact, DNA
microarray and/or chromatin immunoprecipitation (ChIP) assays
revealed that GATA proteins are involved in transcriptional regulation
of many genes in erythroid cells [38, 39]. For these reasons, GATA
proteins should deserve deeper research into their ability to control
TE differentiation and TE-specific gene transcription.
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Table 3. Genes regulated by GATA factors in the trophoblast

GATA factors Target gene (Symbol) Species Methods References
GATA2 Proliferin (Pri2c2) m Im, ISH, NB [33]
GATA2 Placental lactogen-1 (LOC44319) S D,E,L [37]
GATA2 Prolactin-like protein-A (Pri4al) m ISH [34]
GATA2 P450 side chain cleavage (Cypllal) m, r C,E,L [65]
GATA2 Placental lactogen-1 (Pri3b1) r L,E [36]
GATA3 17B-Hydroxysteroid dehydrogenase Typel (HSD17B1I) h C,E [66]
GATA3 Caudal type homeobox 2 (Cdx2) m Ch, Im, L, R, RI [13]
GATA2, GATA3 Placental lactogen-1 (Pri3dl) m C,D, E, ISH, NB [35]
GATA2, GATA3 GnRH receptor (GNRHR) h D,E,L [67]
GATA2, GATA3 Syncytin (ERVIW) h D,E,L [68]
GATA2, GATA3 GATA binding protein (Gata2) m Ch,D,L,NB,R [47]
GATA2, GATA3 Gonadotropin alpha subunit gene (CGA) h C,D,E,NB [69]

Species: h, humans; m, mice; 1, rats; s, sheep. Methods: C, CAT assay; Ch, ChIP assay; D, DNase footprinting; E, EMSA; Im,
immunohistochemical staining; ISH, in situ hybridization; L, Luciferase assay; NB, Northern blotting; R, RT-PCR; RI, RNA interference.

Self-regulation of GATAs in Hematopoiesis

The GATA proteins share conserved zinc finger DNA-binding
domains that recognize the same GATA motif, by which they can
regulate multiple developmental processes by binding to GATA
motif regulatory element, and thereby, these proteins can regulate
multiple developmental processes [4, 5, 40]. GATA proteins have
both distinct and overlapping biological activities, and changes
in occupancy in GATA protein at its binding site often affect the
degree of target gene transcription [7, 8, 28-31]. During erythroid
differentiation in mice, GATA1 and GATA2 directly regulate Gata?2
transcription. GATA1 represses Gata?2 transcription in association
with four conserved GATA binding sites on the upstream region
(=77,-3.9,-2.8, and —1.8 kb) along with an intron (+9.5 kb) region
[41-44]. GATA?2 is associated with these sites when Gata?2 is in a
transcriptionally active state [41-44]. The “GATA switch” is well
stated by Brensnick ez al. [45, 46].

Self-regulation of GATAs in Trophoblast Stem (TS)
Cells and Trophoblast Cells

Besides this hematopoietic GATA switch, evidence of a GATA2/
GATA3 switch has been gathered through studies of mouse TS
cells. It was reported that changes in GATA2 or GATA3 occupancy
occur at the —3.9 kb and +9.5 kb regions of the Gata2 gene during
the differentiation process from TS cells to TGCs [47]. Binding of
GATA3 directly represses the Gata2 gene in undifferentiated TS cells,
and a switch in chromatin occupancy between GATA3 and GATA2
(GATA3/GATA2 switch) induces Gata?2 transcription during TS cell
differentiation. Recently, we also demonstrated that as bovine and/
or ovine conceptus attachment begins, GATA2 and GATA3 mRNAs
decrease when GATAI mRNA increases concurrent with erythroid
development (Fig. 2). Because high GATA! mRNA appeared to
coincide with reduced GATA2 and GATA3 mRNA expression at
this time period, the effect of GATA1 was examined through over-
expression of GATA! in bovine trophoblast F3 cells, resulting in the
down-regulation of endogenous GATA2 transcripts [22]. Although
roles of GATA1 during conceptus attachment processes have not

been characterized, these observations suggest that GATAL is likely
integral to conceptus development through the down-regulation of
GATA2 transcription and possibly other developmentally important
genes. Moreover, in situ hybridization studies revealed that both sense
and antisense GATAI [22] and GATA2 (unpublished observations)
transcripts were present in trophoblast cells. It is now recognized that
the natural antisense transcripts are important in governing cellular
and organismal processes through transcriptional regulation [48] (see
review, and references therein]. These natural anti-sense transcripts
may be involved in the regulation of GATA gene transcriptions.

Because trophoblast cells are unique to mammalian species, we
examined the existence of the —3.9 kb and +9.5 kb regions of the
Gata?2 gene in several species. Interestingly, although the +9.5 kb
GATA binding site of the Gata2 gene is preserved in several mam-
malian species, birds (Gallus gallus), and Zebra fish (Danio rerio),
the —3.9 kb regulatory element is found in humans and mice, but not
in birds or Zebra fish (Table 4), suggesting that the —3.9 kb GATA
site functions in a trophoblast cell-specific manner.

Ruminants as an Animal Model

Rodents have been used as the primary animal models to study
implantation processes. In mice, implantation occurs soon after
blastocyst hatching from the zona pellucida. Within a span of a
few embryonic days that extends from implantation to placentation,
several dramatic and concurrent events occur in rodents. Therefore,
it is difficult in rodents to delineate the underpinning molecular and
accompanying cellular changes during this time period. However,
in ruminants, the peri-implantation period is prolonged compared
to rodents (Fig. 2), and thus, identification of key gene expression
changes and developmental progression can be determined in these
species. Although the duration of peri-attachment periods and types
of implantation (invasive vs. non-invasive) differ, processes leading
to conceptus implantation into the maternal endometrium are similar
in most mammalian species [49]. In addition, the integrity of the
bovine conceptus can be monitored through measurement of IFNT,
the major protein implicated in the process of maternal recognition
of pregnancy in ruminants [50-52]. For these reasons, ruminants
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Fig. 1. Embryonic and extraembryonic development, and GATA transcription factor expression in mice. Early development of the mouse
embryo from 0.5 dpc to 10.5 dpc is shown. Upper: Mouse conceptus developments. Following the first lineage decision to trophectoderm
(TE) and inner cell mass (ICM), the ICM differentiates into the primitive ectoderm, which gives rise to the embryo proper and the
yolk sac. After implantation, the trophoblast differentiates into subtypes consisting of trophoblast giant cells, chorionic ectoderm, and
ectoplacental cone. The yolk sac membranes consist of the parietal yolk sac (trophoblast giant cells and parietal endoderm) and the
visceral yolk sac (visceral endoderm and extraembryonic mesoderm). The allantoic mesoderm forms the endothelial cell lining of fetal
blood vessels in the labyrinth zone. Distinct regions of the placenta include the labyrinth, the spongiotrophoblast and a discontinuous
layer of trophoblast giant cells. Lower: GATA transcription factor expression in mice. Expression of GATA transcription factors in
mice is shown. Days on the right indicate days post coitus (dpc) when embryonic death occurs in mutant mice for various Gata genes.
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Fig. 2. Embryonic and extraembryonic development, and GATA transcription factor expression in the cow. In ruminant species (bovine, ovine, and
caprine), the blastocyst is formed several days after fertilization, but placentation starts on day 21, approximately two weeks later than in
mice. Upper: Bovine conceptus developments. One of the unique features seen in ruminant conceptus development is trophoblast elongation.
The trophoblast elongates exponentially and reaches a length of more than 150-300 mm before the initiation of its attachment to the uterine
epithelium. Lower: Developmental events associated with bovine conceptuses, and GATA transcription factor expression. Arrows indicate the
presence or increase (bold) in GATA expression during bovine conceptus development.
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Table 4. Homology of candidate GATA switching sites

Species —3.9 kb region +9.5 kb region

Humans GAGATAGG --- GCTATCTG CCTATCCG---TAGATAAG---TGTATCTG
Mice GAGATAGG --- GCTATCTG CCTATCCG---TAGATAAG---TGTATCTG
Rats GAGATAGG --- GCTATCTG CCTATCCG---TAGATAAG---TGTATCTG
Canis GAGATAGG --- GCTATCTG CCTATCCG---TAGATAAG---CGTATCTG
Equine GAGATAGG --- ACTATCTG CCTATCCG---TAGATAAG---TGTATCTG
Bovine No data available CCTATCCG---TAGATAAG---CGTATCTG
Gallus Not found CCTATCCG---TAGATAAG---CGTATCTG
Danio Not found CCTATCCG---CAGATAAG---CTCCCGCC

may provide major advantages in characterizing processes associated
with peri-implantation periods, possibly allowing the identification
of a phenomenon and/or its gene expression overlooked in rodents.

Conclusions

Significant improvements in reproductive success are unlikely
without first characterizing the complex interactions leading to success-
ful implantation and eventual placentation. Because of mid-gestation
embryonic loss in mouse gene ablation studies, GATA proteins have
been considered not essential in mediating these processes. Recently,
however, GATA proteins have emerged from scientific obscurity to
be at the forefront of conceptus development studies. Although the
various additional roles each GATA may undertake remain to be
definitively established, the tantalizing insights into roles played
by various GATAs provide strong impetus to clarify their effects
on the peri-implantation process.

There are many factors involved in the maintenance, prolifera-
tion and differentiation of the trophoblast cells. We would like to
emphasize the point that GATA factors regulate the expression of
trophoblast-specific factors in many species including humans,
mice and ruminants during several stages of their development.
More importantly, insights gained from ruminants can be applied
to elucidation of molecular mechanisms associated with conceptus
implantation in other mammalian species. Further research into GATA
factors may allow us to more accurately identify pathways separating
pregnancy success or failure, and thereby, potentially improve fertility
rates in humans and in agriculturally important animals.

Acknowledgements

The authors would like to thank Mr R Moriarty for his critical
reading of the manuscript. Our appreciation is extended to Drs A
Ideta and Y Aoyagi (Zen-Noh ET Center, Hokkaido, Japan) for
critical discussions throughout the course of these studies. We
also thank the members of the Laboratory of Animal Breeding at
The University of Tokyo for their support throughout the course
of GATA studies.

References

1. Wilcox AJ, Weinberg CR, O’Connor JF, Baird DD, Schlatterer JP, Canfield RE,
Armstrong EG, Nisula BC. Incidence of early loss of pregnancy. N Engl J Med 1988;
319: 189-194. [Medline] [CrossRef]

2. Rossant J, Cross JC. Placental development: lessons from mouse mutants. Nat Rev Genet

13.

15.

16.

20.

21.

22.

2001; 2: 538-548. [Medline] [CrossRef]

Shankar K, Zhong Y, Kang P, Blackburn ML, Soares MJ, Badger TM, Gomez-
Acevedo H. RNA-seq analysis of the functional compartments within the rat placentation
site. Endocrinology 2012; 153: 1999-2011. [Medline] [CrossRef]

Ko LJ, Engel JD. DNA-binding specificities of the GATA transcription factor family. Mol
Cell Biol 1993; 13: 4011-4022. [Medline]

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

Lowry JA, Atchley WR. Molecular evolution of the GATA family of transcription factors:
conservation within the DNA-binding domain. J Mol Evol 2000; 50: 103—115. [Medline]
Fujiwara Y, Browne CP, Cunniff K, Goff SC, Orkin SH. Arrested development of
embryonic red cell precursors in mouse embryos lacking transcription factor GATA-1.
Proc Natl Acad Sci USA 1996; 93: 12355-12358. [Medline] [CrossRef]

Tsai FY, Keller G, Kuo FC, Weiss M, Chen J, Rosenblatt M, Alt FW, Orkin SH. An
early haematopoietic defect in mice lacking the transcription factor GATA-2. Nature 1994;
371: 221-226. [Medline] [CrossRef]

Pandolfi PP, Roth ME, Karis A, Leonard MW, Dzierzak E, Grosveld FG, Engel JD,
Lindenbaum MH. Targeted disruption of the GATA3 gene causes severe abnormalities in
the nervous system and in fetal liver haematopoiesis. Nat Genet 1995; 11: 40-44. [Med-
line] [CrossRef]

Molkentin JD, Lin Q, Duncan SA, Olson EN. Requirement of the transcription fac-
tor GATA4 for heart tube formation and ventral morphogenesis. Genes Dev 1997; 11:
1061-1072. [Medline] [CrossRef]

Molkentin JD, Tymitz KM, Richardson JA, Olson EN. Abnormalities of the genitouri-
nary tract in female mice lacking GATAS. Mol Cell Biol 2000; 20: 5256-5260. [Medline]
[CrossRef]

Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang F, Ip HS, Parmacek MS. GATAG6 regu-
lates HNF4 and is required for differentiation of visceral endoderm in the mouse embryo.
Genes Dev 1998; 12: 3579-3590. [Medline] [CrossRef]

Home P, Ray S, Dutta D, Bronshteyn I, Larson M, Paul S. GATA3 is selectively ex-
pressed in the trophectoderm of peri-implantation embryo and directly regulates Cdx2
gene expression. J Biol Chem 2009; 284: 28729-28737. [Medline] [CrossRef]

Ralston A, Cox BJ, Nishioka N, Sasaki H, Chea E, Rugg-Gunn P, Guo G, Robson P,
Draper JS, Rossant J. Gata3 regulates trophoblast development downstream of Tead4
and in parallel to Cdx2. Development 2010; 137: 395-403. [Medline] [CrossRef]

Bai H, Sakurai T, Kim M-S, Muroi Y, Ideta A, Aoyagi Y, Nakajima H, Takahashi
M, Nagaoka K, Imakawa K. Involvement of GATA transcription factors in the regula-
tion of endogenous bovine interferon-tau gene transcription. Mol Reprod Dev 2009; 76:
1143-1152. [Medline] [CrossRef]

Bai H, Sakurai T, Someya Y, Konno T, Ideta A, Aoyagi Y, Imakawa K. Regulation
of trophoblast-specific factors by GATA2 and GATA3 in bovine trophoblast CT-1 cells. J
Reprod Dev 2011; 57: 518-525. [Medline] [CrossRef]

Ilgren EB. Control of trophoblastic growth. Placenta 1983; 4: 307-328. [Medline] [Cross-
Ref]

Kirby DR, Potts DM, Wilson IB. On the orientation of the implanting blastocyst. .J
Embryol Exp Morphol 1967; 17: 527-532. [Medline]

Niwa H, Toyooka Y, Shimosato D, Strumpf D, Takahashi K, Yagi R, Rossant J. In-
teraction between Oct3/4 and Cdx2 determines trophectoderm differentiation. Cel/ 2005;
123: 917-929. [Medline] [CrossRef]

Strumpf D, Maol C-A, Yamanaka Y, Ralston A, Chawengsaksophak K, Beck F, Ros-
sant J. Cdx2 is required for correct cell fate specification and differentiation of trophecto-
derm in the mouse blastocyst. Development 2005; 132: 2093-2102. [Medline] [CrossRef]
Ralston A, Rossant J. Cdx2 acts downstream of cell polarization to cell-autonomously
promote trophectoderm fate in the early mouse embryo. Dev Biol 2008; 313: 614-629.
[Medline] [CrossRef]

Bai H, Sakurai T, Konno T, Ideta A, Aoyagi Y, Godkin JD, Imakawa K. Expression of


http://www.ncbi.nlm.nih.gov/pubmed/3393170?dopt=Abstract
http://dx.doi.org/10.1056/NEJM198807283190401
http://www.ncbi.nlm.nih.gov/pubmed/11433360?dopt=Abstract
http://dx.doi.org/10.1038/35080570
http://www.ncbi.nlm.nih.gov/pubmed/22355068?dopt=Abstract
http://dx.doi.org/10.1210/en.2011-1833
http://www.ncbi.nlm.nih.gov/pubmed/8321208?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8321207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10684344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8901585?dopt=Abstract
http://dx.doi.org/10.1073/pnas.93.22.12355
http://www.ncbi.nlm.nih.gov/pubmed/8078582?dopt=Abstract
http://dx.doi.org/10.1038/371221a0
http://www.ncbi.nlm.nih.gov/pubmed/7550312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7550312?dopt=Abstract
http://dx.doi.org/10.1038/ng0995-40
http://www.ncbi.nlm.nih.gov/pubmed/9136933?dopt=Abstract
http://dx.doi.org/10.1101/gad.11.8.1061
http://www.ncbi.nlm.nih.gov/pubmed/10866681?dopt=Abstract
http://dx.doi.org/10.1128/MCB.20.14.5256-5260.2000
http://www.ncbi.nlm.nih.gov/pubmed/9832509?dopt=Abstract
http://dx.doi.org/10.1101/gad.12.22.3579
http://www.ncbi.nlm.nih.gov/pubmed/19700764?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M109.016840
http://www.ncbi.nlm.nih.gov/pubmed/20081188?dopt=Abstract
http://dx.doi.org/10.1242/dev.038828
http://www.ncbi.nlm.nih.gov/pubmed/19598245?dopt=Abstract
http://dx.doi.org/10.1002/mrd.21082
http://www.ncbi.nlm.nih.gov/pubmed/21606631?dopt=Abstract
http://dx.doi.org/10.1262/jrd.10-186K
http://www.ncbi.nlm.nih.gov/pubmed/6353405?dopt=Abstract
http://dx.doi.org/10.1016/S0143-4004(83)80010-1
http://dx.doi.org/10.1016/S0143-4004(83)80010-1
http://www.ncbi.nlm.nih.gov/pubmed/6069182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16325584?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2005.08.040
http://www.ncbi.nlm.nih.gov/pubmed/15788452?dopt=Abstract
http://dx.doi.org/10.1242/dev.01801
http://www.ncbi.nlm.nih.gov/pubmed/18067887?dopt=Abstract
http://dx.doi.org/10.1016/j.ydbio.2007.10.054

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

BAletal.

GATAL1 in the ovine conceptus and endometrium during the peri-attachment period. Mol
Reprod Dev 2012; 79: 64-73. [Medline] [CrossRef]

Pevny L, Simon MC, Robertson E, Klein WH, Tsai SF, D’Agati V, Orkin SH, Costan-
tini F. Erythroid differentiation in chimaeric mice blocked by a targeted mutation in the
gene for transcription factor GATA-1. Nature 1991; 349: 257-260. [Medline] [CrossRef]
Takahashi S, Komeno T, Suwabe N, Yoh K, Nakajima O, Nishimura S, Kuroha T,
Nagasawa T, Yamamoto M. Role of GATA-1 in proliferation and differentiation of
definitive erythroid and megakaryocytic cells in vivo. Blood 1998; 92: 434-442. [Medline]
Hirasawa R, Shimizu R, Takahashi S, Osawa M, Takayanagi S, Kato Y, Onodera M,
Minegishi N, Yamamoto M, Fukao K, Taniguchi H, Nakauchi H, Iwama A. Essential
and instructive roles of GATA factors in eosinophil development. J Exp Med 2002; 195:
1379-1386. [Medline] [CrossRef]

Harigae H, Takahashi S, Suwabe N, Ohtsu H, Gu L, Yang Z, Tsai FY, Kitamura
Y, Engel JD, Yamamoto M. Differential roles of GATA-1 and GATA-2 in growth and
differentiation of mast cells. Genes Cells 1998; 3: 39-50. [Medline] [CrossRef]

Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and sufficient for Th2
cytokine gene expression in CD4 T cells. Cell 1997; 89: 587-596. [Medline] [CrossRef]
Simon MC, Pevny L, Wiles MV, Keller G, Costantini F, Orkin SH. Rescue of erythroid
development in gene targeted GATA-1- mouse embryonic stem cells. Nat Genet 1992; 1:
92-98. [Medline] [CrossRef]

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 differentiation. Blood 1997; 89: 3636-3643. [Medline]

Fujiwara Y, Chang AN, Williams AM, Orkin SH. Functional overlap of GATA-1 and
GATA-2 in primitive hematopoietic development. Blood 2004; 103: 583-585. [Medline]
[CrossRef]

Kobayashi-Osaki M, Ohneda O, Suzuki N, Minegishi N, Yokomizo T, Takahashi S,
Lim KC, Engel JD, Yamamoto M. GATA motifs regulate early hematopoietic lineage-
specific expression of the Gata2 gene. Mol Cell Biol 2005; 25: 7005-7020. [Medline]
[CrossRef]

Ferreira R, Wai A, Shimizu R, Gillemans N, Rottier R, von Lindern M, Ohneda K,
Grosveld F, Yamamoto M, Philipsen S. Dynamic regulation of Gata factor levels is more
important than their identity. Blood 2007; 109: 5481-5490. [Medline] [CrossRef]

Ma GT, Roth ME, Groskopf JC, Tsai FY, Orkin SH, Grosveld F, Engel JD, Linzer
DIH. GATA-2 and GATA-3 regulate trophoblast-specific gene expression in vivo. Devel-
opment 1997; 124: 907-914. [Medline]

Ma GT, Linzer DIH. GATA-2 restricts prolactin-like protein A expression to secondary tro-
phoblast giant cells in the mouse. Biol Reprod 2000; 63: 570-574. [Medline] [CrossRef]

Ng YK, George KM, Engel JD, Linzer DIH. GATA factor activity is required for the
trophoblast-specific transcriptional regulation of the mouse placental lactogen I gene.
Development 1994; 120: 3257-3266. [Medline]

Kim GS, Ko YG, Park OS, Park HJ, Koh PO, Cho KW, Min KS, Seong HH, Won
CK, Cho JH. Identification of trophoblast-specific binding sites for GATA-2 that are es-
sential for rat placental lactogen-I gene expression. Biotechnol Lett 2009; 31: 1173-1181.
[Medline] [CrossRef]

Liang R, Limesand SW, Anthony RV. Structure and transcriptional regulation of the
ovine placental lactogen gene. Eur J Biochem 1999; 265: 883-895. [Medline] [CrossRef]
Yu M, Riva L, Xie H, Schindler Y, Moran TB, Cheng Y, Yu D, Hardison R, Weiss MJ,
Orkin SH, Bernstein BE, Fraenkel E, Cantor AB. Insights into GATA-1-mediated gene
activation versus repression via genome-wide chromatin occupancy analysis. Mol Cell
2009; 36: 682-695. [Medline] [CrossRef]

Fujiwara T, O’Geen H, Keles S, Blahnik K, Linnemann AK, Kang YA, Choi K, Farnham
PJ, Bresnick EH. Discovering hematopoietic mechanisms through genome-wide analysis
of GATA factor chromatin occupancy. Mol Cell 2009; 36: 667—681. [Medline] [CrossRef]
Yamamoto M, Ko LJ, Leonard MW, Beug H, Orkin SH, Engel JD. Activity and tissue-
specific expression of the transcription factor NF-E1 multigene family. Genes Dev 1990;
4: 1650-1662. [Medline] [CrossRef]

Grass JA, Boyer ME, Pal S, Wu J, Weiss MJ, Bresnick EH. GATA-1-dependent tran-
scriptional repression of GATA-2 via disruption of positive autoregulation and domain-
wide chromatin remodeling. Proc Natl Acad Sci USA 2003; 100: 8811-8816. [Medline]
[CrossRef]

Pal S, Cantor AB, Johnson KD, Moran TB, Boyer ME, Orkin SH, Bresnick EH.
Coregulator-dependent facilitation of chromatin occupancy by GATA-1. Proc Natl Acad
Sci USA 2004; 101: 980-985. [Medline] [CrossRef]

Martowicz ML, Grass JA, Boyer ME, Guend H, Bresnick EH. Dynamic GATA factor
interplay at a multicomponent regulatory region of the GATA-2 locus. J Biol Chem 2005;
280: 1724-1732. [Medline] [CrossRef]

Grass JA, Jing H, Kim SI, Martowicz ML, Pal S, Blobel GA, Bresnick EH. Distinct
functions of dispersed GATA factor complexes at an endogenous gene locus. Mol Cell Biol
2006; 26: 7056-7067. [Medline] [CrossRef]

Bresnick EH, Lee HY, Fujiwara T, Johnson KD, Keles S. GATA switches as develop-
mental drivers. J Biol Chem 2010; 285: 31087-31093. [Medline] [CrossRef]

Bresnick EH, Katsumura KR, Lee H-Y, Johnson KD, Perkins AS. Master regulatory

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

GATA transcription factors: mechanistic principles and emerging links to hematologic
malignancies. Nucl Acids Res 2012; 40: 5819-5831. [Medline] [CrossRef]

Ray S, Dutta D, Rumi MA, Kent LN, Soares MJ, Paul S. Context-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. [Medline] [CrossRef]

Beiter T, Reich E, Williams RW, Simon P. Antisense transcription: a critical look in both
directions. Cell Mol Life Sci 2009; 66: 94—112. [Medline] [CrossRef]

Bazer FW, Spencer TE, Johnson GA, Burghardt RC, Wu G. Comparative aspects of
implantation. Reproduction 2009; 138: 195-209. [Medline] [CrossRef]

Godkin JD, Bazer FW, Moffat J, Sessions F, Roberts RM. Purification and properties
of a major, low molecular weight protein released by the trophoblast of sheep blastocysts
at day 13-21.J Reprod Fertil 1982; 65: 141-150. [Medline] [CrossRef]

Imakawa K, Anthony RV, Kazemi M, Marotti KR, Polites HG, Roberts RM. Inter-
feron-like sequence of ovine trophoblast protein secreted by embryonic trophectoderm.
Nature 1987; 330: 377-379. [Medline] [CrossRef]

Roberts RM, Leaman DW, Cross JC. Role of interferons in maternal recognition of
pregnancy in ruminants. Proc Soc Exp Biol Med 1992; 200: 7—18. [Medline]

Guo G, Huss M, Tong GQ, Wang C, Li Sun L, Clarke ND, Robson P. Resolution of cell
fate decisions revealed by single-cell gene expression analysis from zygote to blastocyst.
Dev Cell 2010; 18: 675-685. [Medline] [CrossRef]

Tang F, Barbacioru C, Nordman E, Bao S, Lee C, Wang X, Tuch BB, Heard E, Lao K,
Surani MA. Deterministic and stochastic allele specific gene expression in single mouse
blastomeres. PLoS One 2011; 6: ¢21208. [Medline] [CrossRef]

Morrisey EE, Ip HS, Tang Z, Lu MM, Parmacek MS. GATA-5: a transcriptional ac-
tivator expressed in a novel temporally and spatially-restricted pattern during embryonic
development. Dev Biol 1997; 183: 21-36. [Medline] [CrossRef]

Ema M, Yokomizo T, Wakamatsu A, Terunuma T, Yamamoto M, Takahashi S. Primi-
tive erythropoiesis from mesodermal precursors expressing VE-cadherin, PECAM-1,
Tie2, endoglin, and CD34 in the mouse embryo. Blood 2006; 108: 4018-4024. [Medline]
[CrossRef]

Li S, Misra K, Matise MP, Xiang M. Foxn4 acts synergistically with Mashl to specify
subtype identity of V2 interneurons in the spinal cord. Proc Natl Acad Sci USA 2005; 102:
10688-10693. [Medline] [CrossRef]

Plusa B, Piliszek A, Frankenberg S, Artus J, Hadjantonakis AK. Distinct sequential
cell behaviours direct primitive endoderm formation in the mouse blastocyst. Develop-
ment 2008; 135: 3081-3091. [Medline] [CrossRef]

Nemer G, Nemer M. Cooperative interaction between GATAS5 and NF-ATc regulates
endothelial-endocardial differentiation of cardiogenic cells. Development 2002; 129:
4045-4055. [Medline]

Takahashi S, Onodera K, Motohashi H, Suwabe N, Hayashi N, Yanai N, Nabesima
Y, Yamamoto M. Arrest in primitive erythroid cell development caused by promoter-
specific disruption of the GATA-1 gene. J Biol Chem 1997; 272: 12611-12615. [Medline]
[CrossRef]

Ting CN, Olson MC, Barton KP, Leiden JM. Transcription factor GATA-3 is required
for development of the T-cell lineage. Nature 1996; 384: 474-478. [Medline] [CrossRef]
Kuo CT, Morrisey EE, Anandappa R, Sigrist K, Lu MM, Parmacek MS, Soudais C,
Leiden JM. GATA4 transcription factor is required for ventral morphogenesis and heart
tube formation. Genes Dev 1997; 11: 1048-1060. [Medline] [CrossRef]

Xin M, Davis CA, Molkentin JD, Lien CL, Duncan SA, Richardson JA, Olson EN. A
threshold of GATA4 and GATA6 expression is required for cardiovascular development.
Proc Natl Acad Sci US4 2006; 103: 11189—11194. [Medline] [CrossRef]

Singh MK, Li Y, Li S, Cobb RM, Zhou D, Lu MM, Epstein JA, Morrisey EE, Gruber
PJ. Gata4 and Gata5 cooperatively regulate cardiac myocyte proliferation in mice. J Biol
Chem 2010; 285: 1765-1772. [Medline] [CrossRef]

Sher N, Yivgi-Ohana N, Orly J. Transcriptional regulation of the cholesterol side
chain cleavage cytochrome P450 gene (CYP11A1l) revisited: binding of GATA, cyclic
adenosine 3’,5’-monophosphate response element-binding protein and activating protein
(AP)-1 proteins to a distal novel cluster of cis-regulatory elements potentiates AP-2 and
steroidogenic factor-1-dependent gene expression in the rodent placenta and ovary. Mol
Endocrinol 2007; 21: 948-962. [Medline] [CrossRef]

Piao YS, Peltoketo H, Vihko P, Vihko R. The proximal promoter region of the gene
encoding human 17beta-hydroxysteroid dehydrogenase type 1 contains GATA, AP-2, and
Sp1 response elements: analysis of promoter function in choriocarcinoma cells. Endocri-
nology 1997; 138: 3417-3425. [Medline] [CrossRef]

Cheng KW, Chow BK, Leung PC. Functional mapping of a placenta-specific upstream
promoter for human gonadotropin-releasing hormone receptor gene. Endocrinology 2001;
142: 1506-1516. [Medline] [CrossRef]

Cheng YH, Handwerger S. A placenta-specific enhancer of the human syncytin gene.
Biol Reprod 2005; 73: 500-509. [Medline] [CrossRef]

Steger DJ, Hecht JH, Mellon PL. GATA-binding proteins regulate the human gonado-
tropin alpha-subunit gene in the placenta and pituitary gland. Mol Cell Biol 1994; 14:
5592-5602. [Medline]


http://www.ncbi.nlm.nih.gov/pubmed/22102538?dopt=Abstract
http://dx.doi.org/10.1002/mrd.21409
http://www.ncbi.nlm.nih.gov/pubmed/1987478?dopt=Abstract
http://dx.doi.org/10.1038/349257a0
http://www.ncbi.nlm.nih.gov/pubmed/9657742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12045236?dopt=Abstract
http://dx.doi.org/10.1084/jem.20020170
http://www.ncbi.nlm.nih.gov/pubmed/9581981?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2443.1998.00166.x
http://www.ncbi.nlm.nih.gov/pubmed/9160750?dopt=Abstract
http://dx.doi.org/10.1016/S0092-8674(00)80240-8
http://www.ncbi.nlm.nih.gov/pubmed/1302015?dopt=Abstract
http://dx.doi.org/10.1038/ng0592-92
http://www.ncbi.nlm.nih.gov/pubmed/9160668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14504093?dopt=Abstract
http://dx.doi.org/10.1182/blood-2003-08-2870
http://www.ncbi.nlm.nih.gov/pubmed/16055713?dopt=Abstract
http://dx.doi.org/10.1128/MCB.25.16.7005-7020.2005
http://www.ncbi.nlm.nih.gov/pubmed/17327407?dopt=Abstract
http://dx.doi.org/10.1182/blood-2006-11-060491
http://www.ncbi.nlm.nih.gov/pubmed/9043071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10906066?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod63.2.570
http://www.ncbi.nlm.nih.gov/pubmed/7720565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19357811?dopt=Abstract
http://dx.doi.org/10.1007/s10529-009-9994-4
http://www.ncbi.nlm.nih.gov/pubmed/10518781?dopt=Abstract
http://dx.doi.org/10.1046/j.1432-1327.1999.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/19941827?dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19941826?dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/2249770?dopt=Abstract
http://dx.doi.org/10.1101/gad.4.10.1650
http://www.ncbi.nlm.nih.gov/pubmed/12857954?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1432147100
http://www.ncbi.nlm.nih.gov/pubmed/14715908?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0307612100
http://www.ncbi.nlm.nih.gov/pubmed/15494394?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M406038200
http://www.ncbi.nlm.nih.gov/pubmed/16980610?dopt=Abstract
http://dx.doi.org/10.1128/MCB.01033-06
http://www.ncbi.nlm.nih.gov/pubmed/20670937?dopt=Abstract
http://dx.doi.org/10.1074/jbc.R110.159079
http://www.ncbi.nlm.nih.gov/pubmed/22492510?dopt=Abstract
http://dx.doi.org/10.1093/nar/gks281
http://www.ncbi.nlm.nih.gov/pubmed/19106099?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M807329200
http://www.ncbi.nlm.nih.gov/pubmed/18791843?dopt=Abstract
http://dx.doi.org/10.1007/s00018-008-8381-y
http://www.ncbi.nlm.nih.gov/pubmed/19502456?dopt=Abstract
http://dx.doi.org/10.1530/REP-09-0158
http://www.ncbi.nlm.nih.gov/pubmed/7077590?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0650141
http://www.ncbi.nlm.nih.gov/pubmed/2446135?dopt=Abstract
http://dx.doi.org/10.1038/330377a0
http://www.ncbi.nlm.nih.gov/pubmed/1373898?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20412781?dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21731673?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0021208
http://www.ncbi.nlm.nih.gov/pubmed/9119112?dopt=Abstract
http://dx.doi.org/10.1006/dbio.1996.8485
http://www.ncbi.nlm.nih.gov/pubmed/16926294?dopt=Abstract
http://dx.doi.org/10.1182/blood-2006-03-012872
http://www.ncbi.nlm.nih.gov/pubmed/16020526?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0504799102
http://www.ncbi.nlm.nih.gov/pubmed/18725515?dopt=Abstract
http://dx.doi.org/10.1242/dev.021519
http://www.ncbi.nlm.nih.gov/pubmed/12163407?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9139715?dopt=Abstract
http://dx.doi.org/10.1074/jbc.272.19.12611
http://www.ncbi.nlm.nih.gov/pubmed/8945476?dopt=Abstract
http://dx.doi.org/10.1038/384474a0
http://www.ncbi.nlm.nih.gov/pubmed/9136932?dopt=Abstract
http://dx.doi.org/10.1101/gad.11.8.1048
http://www.ncbi.nlm.nih.gov/pubmed/16847256?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0604604103
http://www.ncbi.nlm.nih.gov/pubmed/19889636?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M109.038539
http://www.ncbi.nlm.nih.gov/pubmed/17213386?dopt=Abstract
http://dx.doi.org/10.1210/me.2006-0226
http://www.ncbi.nlm.nih.gov/pubmed/9231796?dopt=Abstract
http://dx.doi.org/10.1210/en.138.8.3417
http://www.ncbi.nlm.nih.gov/pubmed/11250931?dopt=Abstract
http://dx.doi.org/10.1210/en.142.4.1506
http://www.ncbi.nlm.nih.gov/pubmed/15888734?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.039941
http://www.ncbi.nlm.nih.gov/pubmed/7518566?dopt=Abstract

