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Understanding how genes get turned on or off is central to the study of biological processes in both 

health and disease. Several regulatory mechanisms, which can be positive or negative, have been 

implicated in the control of tissue- and cell-specific gene expression. These include modulation of 

chromatin structure, DNA methylation, and the regulation of transcription and translation. 

Transcription factors are nuclear regulatory proteins that bind specific DNA sequences in the 5' 

regulatory or promoter regions of target genes. They are involved in both basal and tissue-specific 

gene expression. There are several classes of transcription factors that have been defined based on 

similarities in the structure of the respective DNA-binding domains. They include zinc finger, 

helix-loop-helix, leucine zipper, and homeobox transcription factors. The GATA family of zinc finger 

transcription factors is named from the consensus nucleotide sequence (A/TGATAA/G) that these 

factors bind in the promoter regions of target genes. They were originally identified as crucial 

regulators of heart development and the differentiation of blood and immune cells. GATA expression, 

however, is not limited to these two systems. Indeed, reproductive tissues such as the testis and 

ovary are also prominent sites of GATA expression. As few as 5 years ago, the role of GATA factors 

in reproductive function was uncharted territory. With the recent contributions to the field, the 

scientific community has come a long way in filling this void. GATA factors have now been implicated 

in gonadal development, male sex determination and differentiation, and steroidogenesis. This review 

will provide a brief overview of the vertebrate family of GATA factors and how these factors have 

affected the field of andrology. 

The GATA Family of Transcription Factors

GATA regulatory elements and their prototypic binding protein were originally identified in studies 
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of erythroid-specific gene expression more than a decade ago (Orkin, 1992; Weiss and Orkin, 1995a). 

A novel transcription factor that specifically bound to GATA cis-elements was cloned from erythroid 

cells and named GATA1 (Tsai et al, 1989). GATA1 was shown to contain a DNA-binding domain that 

consisted of two similar zinc fingers with the distinctive form C-X2-C-(X17)-C-X2-C (Tsai et al, 

1989; Weiss and Orkin, 1995a). Since the cloning of the prototypic GATA1 factor, 5 additional 

vertebrate factors (named GATA2 to GATA6), having similar DNA-binding domains, have been identified 

(Weiss and Orkin, 1995a; Molkentin, 2000). The 6 vertebrate GATA factors can be separated into 2 

subgroups based on sequence homology and tissue distribution: the hematopoietic (GATA1/2/3) and the 

cardiac (GATA4/5/6) GATA factors (Figure 1).  

 

     Expression and Role of GATA Factors Outside of the Reproductive System: GATA1/2/3— The GATA1 

gene is abundantly expressed in erythroid and megakaryotic cells (Orkin, 1992; Weiss and Orkin, 

1995a). Consistent with this localization, consensus GATA-binding motifs are found in several genes 

specifically expressed in these cell lineages. Gene knockout experiments in mice have revealed that 

Gata1 is required for embryonic viability, since its expression is crucial for the terminal 

differentiation of erythroid precursors and the growth and maturation of megakaryocytes both in 

vitro and in vivo (Pevny et al, 1991; Fujiwara et al, 1996; Shivdasani et al, 1997). Erythroid 

precursor cells lacking Gata1 fail to mature and undergo either extensive apoptosis (Pevny et al, 

1995; Weiss and Orkin, 1995b) or deregulated proliferation (Shivdasani et al, 1997). In addition to 

hematopoietic cells, the GATA1 gene is also abundantly transcribed in the testis (described in 

detail later). Like GATA1, GATA2 is present in hematopoietic cells but is also found in several 

nonhematopoietic lineages such as endothelial cells, fibroblasts, Wolffian ducts, pituitary, and 

embryonic brain and liver cells (Yamamoto et al, 1990; Lee et al, 1991; Gordon et al, 1997; Zhou et 

al, 1998; Dasen et al, 1999). Similarly, GATA3 expression is not limited to hematopoietic cells (T-

lymphocytes and definitive erythroid cells) but is also found in several other embryonic tissues, 

including the placenta, brain, kidney, and thymus (Leonard et al, 1993; Kornhauser et al 1994; 

George et al, 1997). Although GATA1/2/3 have overlapping expression patterns in hematopoietic cell 

lineages, the knockout of their corresponding genes produce distinct phenotypes in mice (Tsai et al, 

1994; Pandolfi et al, 1995; Fujiwara et al, 1996; Ting et al, 1996). The absence of the Gata2 factor 

produces a defect in which early hematopoietic cells fail to proliferate (Tsai et al, 1994). 

Interestingly, a rescue of the embryonic-lethal hematopoietic defect in the Gata2 knockout mouse 

using yeast artificial chromosomes (YAC) has revealed a critical role for this factor in the 

development of tissues that derive from the Wolffian duct, such as the seminal vesicles and vasa 

deferentia (described further below)(Zhou et al, 1998). Finally, mice embryos containing homozygous 

mutations in the Gata3 gene die between 11 and 12 days postcoitum as a result of massive internal 

hemorrhaging and severe brain and spinal cord deformities (Pandolfi et al, 1995). Mice lacking the 
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Figure 1. Structure of the vertebrate family of GATA proteins. All 6 
vertebrate GATA factors share a conserved DNA-binding domain 
consisting of 2 zinc fingers (ZnF), a feature that defines this family of 
transcription factors. The different GATA factors can be divided into 2 
subgroups based on amino acid sequence homology and tissue 
distribution: the hematopoietic subgroup (GATA 1/2/3) and the cardiac 
subgroup (GATA 4/5/6). Transactivation domains are found in either the N-
terminal (N-term) and/or C-terminal (C-term) portions of the different GATA 
proteins. NLS, nuclear localization signal.



Gata3 gene also exhibit a hematopoietic defect in which the development of mature T-lymphocytes is 

arrested (Ting et al, 1996).  

     GATA4/5/6— Unlike their counterparts in hematopoietic cells, members of this GATA factor 

subfamily exhibit strong expression in the stomach, gut epithelium, heart, and gonads (Arceci et al, 

1993; Kelley et al, 1993; Tamura et al, 1993; Grépin et al, 1994; Heikinheimo et al, 1994, 1997; 

Laverriere et al, 1994; Morrisey et al, 1996, 1997; Bossard and Zaret, 1998; Viger et al, 1998; 

Ketola et al, 1999; Robert et al, 2002; Nemer and Nemer, 2003). The GATA4 gene is abundantly 

expressed in the developing heart (Kelley et al, 1993; Heikinheimo et al, 1994). Consequently, GATA4 

has been indicated as a key regulator of cardiac-specific gene expression during development. 

Indeed, functional GATA-binding elements have been identified in the promoters of several cardiac-

specific genes that are activated by GATA4 in noncardiac cells (Grépin et al, 1994; Ip et al, 1994; 

Molkentin et al, 1994; Parmacek et al, 1994). The characterization of Gata4 knockout mice, which die 

between embryonic days 6.5 to 8.0 because of defects in heart tube formation, has confirmed the 

importance of this factor in heart development (Kuo et al, 1997; Molkentin et al, 1997). Moreover, 

GATA4 is associated with human heart disease, in which case it acts as a novel transcriptional 

regulator of calcineurin-dependent cardiac hypertrophy (Molkentin et al, 1998), and mutations in the 

GATA4 gene have been recently linked to congenital heart defects (Garg et al, 2003). In addition to 

the heart, GATA4 is also prominently expressed in the developing gonads, including Sertoli and 

Leydig cells of the testis (described below). During embryogenesis, GATA5 is first expressed in the 

developing heart and subsequently in the lung, vasculature, and genitourinary system (Morrisey et 

al, 1997; Molkentin et al, 2000; Nemer and Nemer, 2003). GATA6 is expressed in multiple cell 

lineages derived from lateral mesoderm, including the heart, gut, and gonads (Morrisey et al, 1996; 

Ketola et al, 1999; Robert et al, 2002; Nemer and Nemer, 2003). Targeted inactivation of the Gata5 

and Gata6 genes has revealed that these factors serve distinct physiological roles in vivo (Morrisey 

et al, 1998; Koutsourakis et al, 1999; Molkentin et al, 2000). Inactivation of the Gata6 gene causes 

early embryonic lethality shortly after implantation as a result of a lack of endoderm 

differentiation and/or extraembryonic tissue (Morrisey et al, 1998; Koutsourakis et al, 1999). 

Although loss of Gata5 function does not lead to embryo death, female Gata5-/- mice exhibit 

pronounced genitourinary abnormalities that include vaginal and uterine defects and hypospadias 

(Molkentin et al, 2000). Taken together, the mouse knockout data have revealed that GATA factors 

play critical developmental roles. Indeed, aberrations in GATA function have now been recently 

linked with human disease, where a mutation of the GATA1 gene has been associated with 

dyserythropoietic anemia and thrombocytopenia (Nichols et al, 2000), GATA3 haplo-insufficiency with 

human hypoparathyroidism, sensorineural deafness, renal anomaly (HDR) syndrome (Van Esch et al, 

2000), and GATA4 mutations with congenital heart defects (Garg et al, 2003).  

     Functional Specificity of GATA Factors— All vertebrate GATA proteins contain a conserved DNA-

binding domain composed of two multifunctional zinc fingers. The C-terminal zinc finger is required 

for site-specific recognition and DNA-binding to the core GATA motif, whereas the N-terminal zinc 

finger contributes to the specificity and stability of the DNA-binding (Martin and Orkin, 1990; Yang 

and Evans, 1992; Omichinski et al, 1993). Since members of the GATA family share a highly conserved 

DNA-binding domain, they all exhibit similar DNA-binding properties (Ko and Engel, 1993; Merika and 

Orkin, 1993). This contrasts, however, with their rather specific roles in vivo (Pevny et al, 1991; 

Tsai et al, 1994; Blobel et al, 1995; Pandolfi et al, 1995; Kuo et al, 1997; Molkentin et al, 1997, 

2000; Morrisey et al, 1998; Zhou et al, 1998; Koutsourakis et al, 1999; Takahashi et al, 2000). The 

specificity of GATA action is controlled, at least in part, via protein-protein interactions with 

other transcriptional partners (Charron and Nemer, 1999; Molkentin, 2000). Indeed, there is now an 

extensive list of ubiquitously expressed or cell-restricted factors that are known to cooperate with 

GATA factors to control tissue-specific transcription in the hematopoietic system, the heart, the 



pituitary, the adrenal, and the gonads (Kawana et al, 1995; Merika and Orkin, 1995; Osada et al, 

1995; Gregory et al, 1996; Durocher et al, 1997; Gordon et al, 1997; Lee et al, 1998; Ono et al, 

1998; Rekhtman et al, 1999; Tremblay and Viger, 1999; Morin et al, 2000; Nerlov et al, 2000; 

Tremblay et al, 2002; Jimenez et al, 2003). Of the different GATA-interacting factors, the most 

notable are the multitype zinc finger proteins termed Friend of GATA1 (FOG1) and Friend of GATA2 

(FOG2), because the FOG proteins were originally identified as GATA-specific cofactors through their 

ability to interact with the N-terminal zinc fingers of the different GATA factors (Tsang et al, 

1997; Holmes et al, 1999; Lu et al, 1999; Svensson et al, 1999; Tevosian et al, 1999). Like GATA1, 

FOG1 is highly expressed in hematopoietic cell lineages (Tsang et al, 1997). Similarly, FOG2 is 

coexpressed with GATA4 in the heart, brain, and gonads (Lu et al, 1999; Tevosian et al, 1999; 

Laitinen et al, 2000; Ketola et al, 2002; Robert et al, 2002; Anttonen et al, 2003). Mouse knockout 

studies have revealed that FOG proteins, like their GATA counterparts, have crucial developmental 

functions in vivo. Thus, the lack of Fog1 leads to a block in erythroid and megakaryocytic 

differentiation (Tsang et al, 1998), while genetic ablation of Fog2 leads to defects in heart 

morphogenesis and coronary vascular development (Svensson et al, 2000b; Tevosian et al, 2000; 

Crispino et al, 2001), as well as impaired gonad development (Tevosian et al, 2002). Although the 

FOG proteins do not appear to directly bind to DNA, they act as either enhancers or repressors of 

GATA transcriptional activity depending on the cell context and promoter being studied (Tsang et al, 

1997; Fox et al, 1999; Holmes et al, 1999; Lu et al, 1999; Svensson et al, 1999, 2000a; Tevosian et 

al, 1999; Robert et al, 2002). The role of FOG proteins in modulating GATA-dependent transcription 

in the testis will be discussed later.  

Expression of GATA Factors in the Male Reproductive System

As previously mentioned, GATA factors are not unique to the hematopoietic and cardiac systems but 

rather are expressed in a wide variety of tissues. This includes tissues of both the male and female 

reproductive tracts, with the predominant sites of expression being the testis and ovary. GATA-like 

DNA-binding proteins are found in the gonads of species ranging from worms to humans (Spieth et al, 

1991; Tamura et al, 1993; Drevet et al, 1994; Laverriere et al, 1994; Singh et al, 1994; Yomogida et 

al, 1994; Lossky and Wesink, 1995; Heikinheimo et al, 1997; Viger et al, 1998; Ketola et al, 1999; 

De Santa Barbara et al, 2000), suggesting that a functional role for GATA factors in the gonads has 

been conserved during evolution. Of the 6 vertebrate GATA factors, 4 are expressed in the mammalian 

gonads: GATA1 (Ito et al, 1993; Yomogida et al, 1994; Viger et al, 1998), GATA2 (Siggers et al, 

2002), GATA4 (Heikinheimo et al, 1997; Viger et al, 1998; Ketola et al, 1999; McCoard et al, 2001), 

and GATA6 (Heikinheimo et al, 1997; Ketola et al, 1999; Robert et al, 2002). As a general rule, GATA 

factors label the major somatic cell types of the gonads. The exceptions are GATA2, which is 

expressed specifically in germ cells of the mouse ovary during a very discrete period of early fetal 

development (Siggers et al, 2002), and GATA4, which, in addition to labeling somatic cells, has also 

been reported to be strongly expressed in fetal and prepubertal germ cells of the human testis 

(Ketola et al, 2000). The significance of GATA expression in germ cells, however, has yet to be 

demonstrated.  

     GATA Factors in the Testis: GATA1— The mammalian testis expresses 3 GATA factors: GATA1, 

GATA4, and GATA6 (Table). Because of the functional importance of GATA proteins in other systems, 

these factors have emerged as a group of potentially important regulators of testicular gene 

expression and function. GATA1 was the first GATA factor shown to be expressed in the testis (Ito et 

al, 1993; Yomogida et al, 1994). To date, it is also the only GATA factor whose expression in the 

testis is known to be driven by a testis-specific promoter (Onodera et al, 1997). In the mouse, 

testicular Gata1 expression is restricted to Sertoli cells of postnatal animals (Yomogida et al, 

1994; Viger et al, 1998; Ketola et al, 2002). Expression begins in the prepubertal testis, where 

Sertoli cells uniformly express the protein (Yomogida et al, 1994). After puberty, however, the 



number of Gata1-expressing seminiferous tubules show a stage-specific decline, so that by adulthood, 

only Sertoli cells in stage VII, VIII, and IX tubules exhibit Gata1 immunoreactivity (Yomogida et 

al, 1994). In addition to postnatal Sertoli cells, recent data by Chen et al have suggested that 

Leydig cells might also express GATA1 (Zhang et al, 2002). This was based on Northern blot data of 

RNA obtained from MA-10 Leydig tumor cells and an enriched population of 21-day-old rat progenitor 

Leydig cells (Zhang et al, 2002). Further in situ hybridization or immunohistochemistry data is 

needed, however, to confirm that GATA1 is indeed expressed in Leydig cells in vivo.  

 

     GATA4— Testicular expression of the GATA4 transcription factor has been well-documented in 3 

different species: mouse, pig, and human (Viger et al, 1998; Ketola et al, 1999, 2000; McCoard et 

al, 2001). In the mouse and pig, GATA4 is abundantly expressed from the onset of gonadal 

development, where it labels virtually all cell types present with the notable exception of germ 

cells (Viger et al, 1998; McCoard et al, 2001). After gonadal differentiation, GATA4 expression is 

maintained at high levels in the fetal testis in both Sertoli cells and interstitial (Leydig) cells 

(Viger et al, 1998; McCoard et al, 2001). In the mouse, Sertoli cells continue to express Gata4 

after birth, but levels decline in adulthood, when Gata1 becomes the predominant GATA factor (Viger 

et al, 1998). GATA4 is also abundantly expressed by the MSC-1 Sertoli cell line (Heikinheimo et al, 

1997; Robert et al, 2002). Much like Sertoli cells, GATA4 expression in Leydig cells persists in the 

developing mouse and porcine testis through to adulthood (Ketola et al, 1999; McCoard et al, 2001), 

and GATA4 is a marker of several transformed and/or immortalized Leydig cell lines (Ketola et al, 

1999; Robert et al, 2002; Zhang et al, 2002). In the human testis, GATA4 expression parallels what 

has been observed in the mouse and pig, with one exception: germ cells (Ketola et al, 2000). Unlike 

the mouse and pig, GATA4 appears to be a major GATA factor of both fetal and prepubertal human male 

germ cells (Ketola et al, 2000).  

     GATA6— Along with GATA1 and GATA4, GATA6 is the third GATA factor shown to have predominant 

expression in Sertoli cells. In the mouse, Gata6 expression overlaps with Gata4 in Sertoli cells 

during fetal and early postnatal development (Viger et al, 1998; Ketola et al, 1999; Robert et al, 

2002). All 3 GATA factors (Gata1/4/6), however, are coexpressed in Sertoli cells of the adult testis 

(Yomogida et al, 1994; Viger et al, 1998; Ketola et al, 1999; Robert et al, 2002;). In rodents, 

Gata6 expression appears to be specific to Sertoli cells, whereas in humans, GATA6 is detected in 

both Sertoli and Leydig cells at least in the fetal testis (Ketola et al, 2003).  

     Other Androgen-Dependent Tissues— Aside from the testis, little attention has been given to 

the expression of GATA factors in the other tissues that compose the male reproductive tract. At 

present, it is unclear whether the absence of such reports can be construed as a lack of expression 

or merely a lack of investigation. Nonetheless, there is at least one report of GATA expression in 

the prostate, coagulating gland, and seminal vesicle (Perez-Stable et al, 2000). Normal mouse and 

human prostate were shown to express both GATA2 and GATA3 (Perez-Stable et al, 2000). Although no 

other GATA factor was detected in normal prostate, weak GATA6 expression was found in the human PC-3 

and ALVA-31 prostate cancer cell lines (Perez-Stable et al, 2000). The GATA2 gene was also shown to 

be abundantly transcribed in the androgen-dependent LNCaP prostate cancer cell line (Perez-Stable et 

al, 2000). The same group also identified several GATA elements in the human KLK3 (prostate-specific 
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antigen) gene enhancer, suggesting that GATA factors might be involved in the androgen-dependent 

regulation of the KLK3 gene in the prostate.  

The two other sites of significant GATA expression in the male reproductive system are the Wolffian 

ducts (precursors of the seminal vesicles, epididymides, and vasa deferentia) and the genital 

tubercle. Gata3 expression in the developing genital tubercle (primordium of the penis in males) was 

found serendipitously while studying the temporal and spatial control of the murine Gata3 promoter 

in transgenic mice (Lieuw et al, 1997). Although targeted inactivation of the Gata2 in mice leads to 

midgestational death (Tsai et al, 1994), rescue of the lethal hematopoietic defect revealed an 

expected role for Gata2 in urogenital development (Zhou et al, 1998). Despite normal appearing 

testes and epididymides, the Gata2 mutant males frequently had hypoplastic seminal vesicles that 

were aberrantly fused to the vasa deferentia (Zhou et al, 1998). This interesting finding prompted 

the investigators to look more closely at Gata2 expression in the developing urogenital system. 

Consistent with their observed phenotype, Gata2 expression in males was found to be strongly 

expressed in the Wolffian ducts. However, unlike the prostate and especially the testis, which is 

described next, target genes for GATA2 in the Wolffian duct derivatives have yet be identified.  

GATA Factors in the Testis: Functional Roles and Target Genes

Although gene inactivation experiments have identified crucial roles for GATA factors in early 

vertebrate development, they have been less useful for the study of their later recruitment as 

regulators of tissue-specific gene expression in vivo, since 5 out of the 6 Gata-/- mice are 

embryonic lethal. This includes the Gata1/4/6 gene knockouts, in which embryo death occurs prior to 

testis development (Pevny et al, 1991; Kuo et al, 1997; Molkentin et al, 1997; Morrisey et al, 

1998). To assess the role of these factors in the testis, a selective inactivation or knockdown of 

GATA function is therefore essential. These types of experiments have begun to be used to gain 

insights into the in vivo testicular roles played by GATA1 and GATA4 (Tevosian et al, 2002; 

Lindeboom et al, 2003). As previously mentioned, the Gata4 gene is abundantly expressed in the 

somatic cell population of the developing mouse genital ridge around the time of sex determination. 

Thus, based on its expression pattern, GATA4 was proposed to play a central role in sex 

determination and, hence, testis differentiation. This hypothesis has been recently confirmed in the 

mouse, in which in vivo disruption of one of Gata4's functions (interaction with its co-factor Fog2) 

via an elegant knock-in mutation of the Gata4 gene leads to a block in testis development and a 

marked down-regulation of expression of the testis-determining gene, Sry (Tevosian et al, 2002). 

Thus, GATA4 appears to function as an upstream regulator of SRY expression in the developing testis. 

Although the latter has yet to be conclusively demonstrated, the presence of multiple GATA 

regulatory motifs in the mouse, human, and pig SRY promoters strongly supports this notion.  

By creating a conditional knockout allele of the Gata1 gene and using the Desert Hedgehog promoter 

driving Cre recombinase to excise the floxed Gata1 gene in Sertoli cells, Lindeboom et al (2003) 

recently reported the first testis-specific knockout of a GATA gene. Surprisingly, Gata1 null testes 

were morphologically and functionally normal (Lindeboom et al, 2003). The absence of an overt 

testicular phenotype was likely due to compensation by Gata4 and Gata6 in Sertoli cells, which 

masked the loss of Gata1. A global knockout or knockdown of GATA activity would therefore be needed 

to assess the functional role of GATA factors in postnatal Sertoli cells in which overlapping 

expression of multiple GATA factors poses a problem.  

The lack of conditional knockout models has not stopped investigators from gaining insights into the 

potential role played by GATA factors in the testis. The fact that GATA factors recognize specific 

regulatory motifs (WGATAR) in the promoter regions of genes has been exploited to identify novel 

targets for these factors in many tissues, including the testis. The Müllerian inhibiting substance 



(MIS or AMH) promoter was identified as the first known target for GATA4 in Sertoli cells (Viger et 

al, 1998). The MIS hormone is the earliest marker of testis formation. It regulates male sex 

differentiation by triggering regression of the Müllerian ducts (the precursors of the female 

reproductive tract) in males (Teixeira et al, 2001). MIS gene expression is tightly regulated during 

gonadal development; lack of expression in humans causes persistent Müllerian duct syndrome, a 

condition in which affected males exhibit both male and female internal reproductive organs. Through 

an analysis of the conserved 5' regulatory elements of the MIS gene, several transcription factors 

have been proposed to participate in MIS transcription, such as the nuclear receptor steroidogenic 

factor 1 (SF1) and the high mobility group box-containing protein SOX9 (Shen et al, 1994; Giuili et 

al, 1997; Arango et al, 1999). However, since SOX9 and SF1 are colocalized in several tissues that 

do not express MIS, other factors must act to restrict MIS expression to the gonads. Indeed, 

cooperation between transcription factors has been shown to contribute to tissue-specific MIS 

expression (Teixeira et al, 2001); this includes GATA4 (Tremblay and Viger, 1999; Watanabe et al, 

2000; Tremblay et al, 2001). GATA4 has been shown to regulate both the mouse and human MIS promoters 

through a transcriptional cooperation with SF1 (Tremblay and Viger, 1999; Watanabe et al, 2000). 

Although no human GATA4 gene mutations have yet been linked to gonadal defects, recent evidence 

suggests that disruption of GATA4/SF1 synergism may account for some cases of abnormal human male 

sex differentiation involving insufficient MIS expression (Tremblay and Viger, 2003a).  

The overlapping expression of multiple GATA factors in Sertoli cells is a strong indication that 

these GATA factors are key regulators of Sertoli cell–specific gene expression and function during 

ontogeny. Indeed, in addition to MIS, GATA factors have been shown to regulate several Sertoli-cell 

promoters (Table). These include the inhibin  (Inha; Feng et al, 1998; Ketola et al, 1999; Tremblay 

and Viger, 2001a), inhibin/activin ßB (Inhbb; Feng et al, 2000), Sf1 (Tremblay and Viger, 2001a), 

follicle-stimulating hormone (FSH) receptor (Fshr; Kim and Griswold, 2001), Doublesex- and Mab-3–

related transcription factor (Dmrt1; Lei and Heckert, 2004), and Sry (Viger et al, unpublished data) 

promoters. In vitro studies by Feng et al have shown that the inhibin  promoter is preferentially 

activated by GATA1 despite the colocalization of GATA1 and GATA4 in Sertoli cells (Feng et al, 1998, 

2000). However, since all GATA factors are known to have similar DNA-binding properties (Merika and 

Orkin, 1993), selectivity based on transactivation properties alone would seem unlikely. Rather, 

whether a Sertoli cell gene responds or not to regulation by a particular GATA factor would likely 

depend on cooperative interactions with specific transcriptional partners acting as either 

coactivators or corepressors.  

Besides Sertoli cells, GATA are also prominently expressed in the interstitial cell (steroidogenic) 

compartment of the testis (Table). Although both GATA4 and GATA6 are expressed in ovarian 

steroidogenic cells throughout development (Heikinheimo et al, 1997; Laitinen et al, 2000), in the 

testis, GATA4 is the predominant GATA factor of both fetal and postnatal Leydig cells (Viger et al, 

1998; Ketola et al, 1999, 2000). Thus, GATA factors, and in particular GATA4, have been proposed to 

be key regulators of steroidogenesis in the testis (Tremblay and Viger, 2003b). In support of this 

hypothesis, the promoters of several steroidogenic enzyme-encoding genes have been reported to 

contain one or more consensus GATA regulatory motifs (Tremblay and Viger, 2003b). Using in vitro 

transactivation experiments, several laboratories have confirmed that some of these steroidogenic 

promoters are indeed targets for GATA factors. Those studied to date include the promoters for Sf1 

(Tremblay and Viger, 2001a), 17ß-hydroxysteroid dehydrogenase type 1 (HSD17B1; Piao et al, 1997), 

P450 aromatase (Cyp19; Tremblay and Viger, 2001a), steroidogenic acute regulatory protein (Star; 

Silverman et al, 1999; Wooton-Kee and Clark, 2000; Tremblay and Viger, 2001a; Tremblay et al, 2002), 

and 3ß-hydroxysteroid dehydrogenase type 2 (HSD3B2; Viger et al, unpublished data). In addition to 

their ability to directly stimulate transcription of target steroidogenic promoters, GATA factors 

also contribute to the tissue-specific activity and hormone dependence of some of these promoters 



via synergistic interactions with the orphan nuclear receptor SF1 and the CCAAT enhancer binding 

protein C/EBPß (Tremblay and Viger, 2003b).  

Regulation of GATA Expression and Transcriptional Activity in the Testis

Although the list of target genes for GATA factors in testicular cells continues to grow, much less 

is known about how GATA expression itself is regulated in the testis. Yomigida et al (1994) observed 

that Sertoli cell expression of Gata1 is increased in germ cell–deficient mouse models, suggesting 

that GATA1 expression in the testis is negatively regulated by one or more paracrine factors 

produced by germ cells. The concept of a "negative regulation" of GATA1 in the testis has resurfaced 

recently with the demonstration that Gata1 expression in both MA-10 Leydig cells and primary Sertoli 

cell cultures is markedly down-regulated by FSH/cAMP treatment (Zhang et al, 2002). Interestingly, 

the inhibitory effect was specific for testicular cells, since Gata1 expression in erythroid cells 

was unaffected under similar conditions. At present, however, the physiological significance of this 

gonadotropin/cAMP–mediated regulation remains unclear. In contrast to GATA1, gonadotropins and/or 

cAMP agonists have been shown to induce Gata4 and/or Gata6 expression in several gonadal cell lines, 

including MSC-1 Sertoli cells and mLTC-1 Leydig cells (Heikinheimo et al, 1997; Ketola et al, 1999). 

In humans, the stimulatory role of FSH in the regulation of GATA4 is supported, at least in the 

ovary, by the association of an inactivating mutation of the FSH receptor with greatly diminished 

GATA4 expression (Vaskivuo et al, 2002).  

     The FOG Proteins in the Testis: Friend or Foe?— In the mouse testis, Fog1 and Fog2 are 

coexpressed with Gata1/4/6 in Sertoli and Leydig cells during development (Ketola et al, 2002; 

Robert et al, 2002). Fog1 is first detected in Sertoli cells on embryonic day 15.5 (E15.5) (Ketola 

et al, 2002). Testicular Fog1 expression is maintained throughout development but eventually becomes 

restricted to stage VII–XII tubules (Ketola et al, 2002). In contrast to Fog1, Fog2 can be detected 

as early as the undifferentiated (bipotential) gonad stage in both sexes (Anttonen et al, 2003). 

After sex determination, Fog2 expression is maintained in the ovary but is rapidly down-regulated in 

the testis, so that by E17.5 only the testis capsule and Leydig cells show any significant Fog2 

expression (Ketola et al, 2002). Abundant Fog2 expression then reinitiates after birth, and like 

Fog1, eventually becomes restricted to stage VII–XI tubules in the adult testis (Ketola et al, 

2002).  

Although the FOG proteins do not bind directly to DNA, in vitro studies indicate that they function 

as either enhancers or repressors of GATA transcriptional activity depending on the cell and 

promoter context being studied (Tsang et al, 1997; Fox et al, 1999; Holmes et al, 1999; Lu et al, 

1999; Svensson et al, 1999, 2000a; Tevosian et al, 1999). Therefore, it has been suggested that the 

FOG proteins act as bridging molecules that link GATA proteins with other transcriptional regulators 

involved in either activation or repression. On GATA-dependent gonadal promoters, however, recent in 

vitro data have shown the FOG proteins to play a purely repressive role (Robert et al, 2002). The 

repressive nature of FOG proteins is due in part to their association with the potent 

transcriptional corepressor C-terminal binding protein-2 (CtBP-2) (Turner and Crossley, 1998; Holmes 

et al, 1999; Svensson et al, 2000a). Recently, a non–CtBP-2-dependent repression domain has also 

been identified in the N-terminal regions of the FOG proteins (Svensson et al, 2000a). Thus, FOG 

repression is likely an important mechanism for modulating the transcription of GATA-dependent genes 

in the testis in vivo. Indeed, targeted inactivation of the Fog2 gene in the mouse leads to a block 

in testis development and the absence of several testicular markers, including Mis, P450scc, and 3ß-

HSD (Tevosian et al, 2002). At present, however, it remains unclear as to whether the lack of 

testis-specific markers in these animals is the result of a primary defect in Sertoli and/or Leydig 

cell gene expression or a secondary defect due to a block in Sertoli cell differentiation and/or 

fetal Leydig cell development.  



The abundance of FOG1 and FOG2 in Sertoli cells indicates that these two proteins play a key role in 

finetuning GATA-dependent gene expression in Sertoli cells. To date, the best-studied GATA target 

gene in Sertoli cells is MIS (Viger et al, 1998; Tremblay and Viger, 1999, 2001b; Watanabe et al, 

2000; Tremblay et al, 2001). Although the sexually dimorphic expression of MIS is largely controlled 

by Sox9 (Arango et al, 1999), how MIS levels are specifically down-regulated in postnatal Sertoli 

cells remains unclear. It has been suggested that the FOG proteins may play such a role (Robert et 

al, 2002). The fact that overexpression of Fog2 in primary Sertoli cell cultures has been shown to 

markedly decrease Mis promoter activity is consistent with this hypothesis (Tremblay et al, 2001). 

The sexually dimorphic expression of Fog2 in the fetal mouse gonad has also been recently suggested 

to play a role in the down-regulation of Mis expression after overt ovarian differentiation 

(Anttonen et al, 2003).  

     Role of GATA Phosphorylation in Hormonal Signaling in the Testis.— Testicular gene expression 

and function is tightly regulated by the pituitary trophic hormones LH and FSH. In response to 

hormonal signals, gene expression is modulated predominantly through the cAMP-dependent 

intracellular signaling pathway, leading to activation of protein kinase A (PKA). PKA then 

translocates to the nucleus and phosphorylates target proteins (Montminy, 1997; Daniel et al, 1998). 

The best studied target of cAMP/PKA signaling is the transcription factor CREB (cAMP response 

element [CRE]-binding protein), which binds as a dimer to the 8-bp palindromic sequence CRE found in 

the regulatory regions of some cAMP-regulated genes (Mayr and Montminy, 2001). In the testis and 

other steroidogenic tissues, however, the promoters of several cAMP-regulated genes, such as 

steroidogenic acute regulatory protein (Star), inhibin a (Inha), stem cell factor (Sl), P450c17 

(Cyp17), P450scc (Cyp11a1), and aromatase (Cyp19), lack "classical" CRE elements. This suggests that 

transcription factors, besides CREB, must also be acting as downstream effectors of cAMP signaling. 

Indeed, GATA4 has recently been identified as a novel target of hormone-induced cAMP/PKA signaling 

in gonadal cells. In response to cAMP, GATA4 is directly phosphorylated by PKA on a specific serine 

residue (Ser261) in the zinc finger region of the protein. This amino acid is perfectly conserved 

between the rat, mouse, human, bovine, rabbit, frog, fish, and chick GATA4 proteins. Phosphorylation 

of GATA4 allows for synergistic interactions with the C/EBPß transcription factor (Tremblay et al, 

2002) and permits recruitment of the CBP transcriptional co-activator (Tremblay and Viger, 2003c). 

This leads to robust stimulation of transcription from target gonadal promoters such as StAR 

(Tremblay and Viger, 2003c). To date, two independent phosphorylation sites have been mapped in the 

GATA4 protein: Ser105, which is a target of the MAP kinase (MAPK) signaling pathway in the heart 

(Liang et al, 2001), and Ser261 in gonadal cells (Tremblay and Viger, 2003c). Since the GATA4 

protein contains two distinct phosphoacceptor sites, differential phosphorylation of GATA4 in 

response to various signals might constitute an important regulatory mechanism. However, the 

interrelationship between these two phosphorylation sites for hormone-regulated gonadal gene 

expression has not yet been documented. Initial in vitro experiments suggest that Ser261, but not 

Ser105, is essential for the PKA-mediated enhancement of GATA4 transcriptional activity, at least on 

the StAR promoter (Viger et al, unpublished data). The fact that the Ser261 site alone is crucial 

for the PKA enhancement of GATA4 transactivation on the StAR promoter does not formally exclude a 

role for Ser105 phosphorylation on other targets genes or in response to other signals. In fact, 

gonadal cells do respond to certain stimuli that activate the cAMP pathway but without the 

involvement of PKA (Richards, 2001). In these cases, activation of MAPK appears to play a 

predominant role. Therefore, different signaling pathways and kinases might converge on GATA4 to 

regulate gonadal gene expression and function. Since the recruitment of CBP is a direct consequence 

of PKA-mediated phosphorylation of GATA4 (Tremblay and Viger, 2003c), and since CBP-mediated 

acetylation is known to modulate transcription factor activity, the GATA4 protein itself may be 

acetylated by CBP in response to hormonal stimulation. The fact that a deacetylase inhibitor 



(trichostatin A) can enhance the transcriptional activity of GATA4 alone or when used in combination 

with PKA/CBP (Figure 2) indicates that the GATA4 protein is indeed acetylated under basal conditions 

and that acetylation likely increases in response to hormonal stimulation. Thus, as depicted in 

Figure 3, GATA factors could very well represent the foundation of a large transcriptional complex 

(involving other transcription partners, such as SF1, C/EBPß, and the co-activator CBP/p300) that is 

required for the activation of different sets of genes in response to differing signals, such as 

hormones, growth factors, and stress signals in the testis and other steroidogenic tissues.  

 

 

Conclusion

Five years ago, little was known about the role of GATA factors in the reproductive system. Initial 

studies showed that certain GATA family members were indeed expressed in both the testis and ovary, 

and our thinking at that time was that they might be key regulators of a number of gonadal target 

genes. Little did we know that GATA factors would turn out to be important regulators of gonadal 

gene transcription throughout development. In the testis, this is particularly true for GATA4, which 

appears to function as a "master regulator" of multiple genes involved in both Sertoli and Leydig 

cell function. Indeed, in the past few years, the scope of GATA action in the male has broadened to 

View larger version 
(15K):

[in this window]
[in a new window]

  

Figure 2. Inhibition of histone de-acetylase activity potentiates the PKA-
dependent transcriptional cooperation between GATA4 and CBP. CV-1 
cells were cotransfected with the -902-bp murine StAR promoter along with 
an empty expression vector (control) or expression vectors for GATA4, 
CBP, PKA, or different combinations of the 3 factors in the absence (-) or 
presence (+) of 80 ng/mL of the histone de-acetylase inhibitor trichostatin A 
(TSA). Promoter activities are shown as fold activation over control (±SEM). 
The marked enhancement of the GATA4/CBP or GATA4/PKA/CBP 
transcriptional cooperation elicited by TSA treatment indicates that GATA4 
may be a target for CBP-mediated acetylation.
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Figure 3. Proposed model for GATA factors as effectors of hormonal 
signaling in testicular cells. In the testis, Sertoli and Leydig cell gene 
expression and function are tightly regulated by the pituitary trophic 
hormones follicle-stimulating hormone (FSH) and leutinizing hormone (LH), 
respectively. Hormone binding to G-protein coupled cell surface receptors 
activates adenylate cyclase (AC), leading to increased intracellular cAMP 
levels. cAMP then binds the regulatory (R) subunit of protein kinase A 
(PKA), allowing dissociation of the PKA catalytic (C) subunit and its 
translocation to the nucleus, where it phosphorylates target proteins. In both 
Sertoli and Leydig cells, GATA factors are novel targets for PKA-mediated 
phosphorylation. As shown, phosphorylation of GATA4 at serine 261 allows 
for an enhanced cooperation with multiple transcriptional partners and the 
recruitment of the CBP coactivator. The end result is increased expression 
of hormonally regulated GATA-dependent target genes such as 
steroidogenic acute regulatory protein (Star), inhibin  (Inha), and P450 
aromatase (Cyp19).



include early testis development (Tevosian et al, 2002), male sex differentiation (Tremblay and 

Viger, 2003a), and steroidogenesis (Tremblay and Viger, 2003b). To date most of our insights have 

come from the identification of novel GATA-dependent promoters. In the years to come, further light 

will undoubtedly be shed on the role of GATA factors in andrology as selective in vivo GATA knockout 

or knockdown techniques are eventually applied to the testis and other tissues of the male 

reproductive tract.  

Acknowledgments

R.S.V. is holder of the Canada Research Chair in Reproduction and Sex Development. 
 

References

Anttonen M, Ketola I, Parviainen H, Pusa AK, Heikinheimo M. FOG-2 and GATA-4 are coexpressed in the 
mouse ovary and can modulate Müllerian-inhibiting substance expression. Biol Reprod. 2003;68: 1333 -
1340.[Abstract/Free Full Text]

Arango NA, Lovell-Badge R, Behringer RR. Targeted mutagenesis of the endogenous mouse Mis gene 
promoter: in vivo definition of genetic pathways of vertebrate sexual development. Cell. 1999; 99: 
409 -419.[Medline] 

Arceci RJ, King AA, Simon MC, Orkin SH, Wilson DB. Mouse GATA-4: a retinoic acid-inducible GATA-
binding transcription factor expressed in endodermally derived tissues and heart. Mol Cell Biol. 
1993; 13: 2235 -2246.[Abstract/Free Full Text] 

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.[Abstract] 

Bossard P, Zaret KS. GATA transcription factors as potentiators of gut endoderm differentiation. 
Development. 1998; 125: 4909 -4917.[Abstract] 

Charron F, Nemer M. GATA transcription factors and cardiac development. Semin Cell Dev Biol. 1999; 
10: 85 -91.[Medline] 

Crispino JD, Lodish MB, Thurberg BL, Litovsky SH, Collins T, Molkentin JD, Orkin SH. Proper coronary 
vascular development and heart morphogenesis depend on interaction of GATA-4 with FOG cofactors. 
Genes Dev. 2001; 15: 839 -844.[Abstract/Free Full Text] 

Daniel PB, Walker WH, Habener JF. Cyclic AMP signaling and gene regulation. Annu Rev Nutr. 1998; 18: 
353 -383.[Medline] 

Dasen JS, O'Connell SM, Flynn SE, et al. Reciprocal interactions of Pit1 and GATA-2 mediate 
signaling gradient-induced determination of pituitary cell types. Cell. 1999; 97: 587 -598.[Medline]

De Santa Barbara P, Moniot B, Poulat F, Berta P. Expression and subcellular localization of SF-1, 
SOX9, WT1, and AMH proteins during early human testicular development. Dev Dyn. 2000; 217: 293 -298.
[Medline]

Drevet JR, Skeily YAW, Iatrou K. GATA-type zinc finger motif-containing sequences and chorion gene 
transcription factors of the silkworm Bombyx mori. J Biol Chem. 1994; 269: 10660 -10667.
[Abstract/Free Full Text]

Durocher D, Charron F, Warren R, Schwartz RJ, Nemer M. The cardiac transcription factors Nkx-2.5 and 



GATA-4 are mutual cofactors. EMBO J. 1997;16: 5687 -5696.[Medline] 

Feng ZM, Wu AZ, Chen CL. Testicular GATA-1 factor up-regulates the promoter activity of rat inhibin 
alpha-subunit gene in MA-10 Leydig tumor cells. Mol Endocrinol. 1998; 12: 378 -390.
[Abstract/Free Full Text]

Feng ZM, Wu AZ, Zhang Z, Chen CL. GATA-1 and GATA-4 transactivate inhibin/activin beta-B-subunit 
gene transcription in testicular cells. Mol Endocrinol. 2000; 14: 1820 -1835.
[Abstract/Free Full Text]

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.
[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 U S A. 1996; 93: 
12355 -12358.[Abstract/Free Full Text] 

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.[Medline] 

George KM, Leonard MW, Roth ME, Lieuw KH, Kioussis D, Grosveld F, Engel JD. Embryonic expression and 
cloning of the murine GATA-3 gene. Development. 1997; 120: 2673 -2686. 

Giuili G, Shen WH, Ingraham HA. The nuclear receptor SF-1 mediates sexually dimorphic expression of 
Müllerian inhibiting substance, in vivo. Development. 1997; 124: 1799 -1807.[Abstract] 

Gordon DF, Lewis SR, Haugen BR, James RA, McDermott MT, Wood WM, Ridgway EC. Pit-1 and GATA-2 
interact and functionally cooperate to activate the thyrotropin beta-subunit promoter. J Biol Chem. 
1997; 272: 24339 -24347.[Abstract/Free Full Text] 

Gregory RC, Taxman DJ, Seshasayee D, Kensinger MH, Bieker JJ, Wojchowski DM. Functional interaction 
of GATA1 with erythroid Kruppel-like factor and Sp1 at defined erythroid promoters. Blood. 1996; 87: 
1793 -1801.[Abstract/Free Full Text] 

Grépin C, Dagnino L, Robitaille L, Haberstroh L, Antakly T, Nemer M. A hormone-encoding gene 
identifies a pathway for cardiac but not skeletal muscle gene transcription. Mol Cell Biol. 1994; 
14: 3115 -3129.[Abstract/Free Full Text] 

Heikinheimo M, Ermolaeva M, Bielinska M, Rahnman NA, Narita N, Huhtaniemi IT, Tapanainen JS, Wilson 
DB. Expression and hormonal regulation of transcription factors GATA-4 and GATA-6 in the mouse 
ovary. Endocrinology. 1997; 138: 3505 -3514.[Abstract/Free Full Text] 

Heikinheimo M, Scandrett JM, Wilson DB. Localization of transcription factor GATA-4 to regions of 
the mouse embryo involved in cardiac development. Dev Biol. 1994; 164: 361 -373.[Medline] 

Holmes M, Turner J, Fox A, Chisholm O, Crossley M, Chong B. hFOG-2, a novel zinc finger protein, 
binds the co-repressor mCtBP2 and modulates GATA-mediated activation. J Biol Chem. 1999; 274: 23491 
-23498.[Abstract/Free Full Text] 

Ip HS, Wilson DB, Heikinheimo M, Tang Z, Ting CN, Simon MC, Leiden JM, Parmacek MS. The GATA-4 
transcription factor transactivates the cardiac muscle-specific troponin C promoter-enhancer in 
nonmuscle cells. Mol Cell Biol. 1994; 14: 7517 -7526.[Abstract/Free Full Text] 

Ito E, Toki T, Ishihara H, Ohtani H, Gu L, Yokoyama M, Engel JD, Yamamoto M. Erythroid transcription 
factor GATA-1 is abundantly transcribed in mouse testis. Nature. 1993; 362: 466 -468.[Medline] 



Jimenez P, Saner K, Mayhew B, Rainey WE. GATA-6 is expressed in the human adrenal and regulates 
transcription of genes required for adrenal androgen biosynthesis. Endocrinology. 2003; 144: 4285 -
4288.[Abstract/Free Full Text]

Kawana M, Lee ME, Quertermous EE, Quertermous T. Cooperative interaction of GATA-2 and AP1 regulates 
transcription of the endothelin-1 gene. Mol Cell Biol. 1995; 15: 4225 -4231.[Abstract] 

Kelley C, Blumberg H, Zon LI, Evans T. GATA-4 is a novel transcription factor expressed in 
endocardium of the developing heart. Development. 1993; 118: 817 -827.[Abstract] 

Ketola I, Anttonen M, Vaskivuo T, Tapanainen JS, Toppari J, Heikinheimo M. Developmental expression 
and spermatogenic stage specificity of transcription factors GATA-1 and GATA-4 and their cofactors 
FOG-1 and FOG-2 in the mouse testis. Eur J Endocrinol. 2002; 147: 397 -406.[Abstract] 

Ketola I, Pentikainen V, Vaskivuo T, et al. Expression of transcription factor GATA-4 during human 
testicular development and disease. J Clin Endocrinol Metab. 2000; 85: 3925 -3931.
[Abstract/Free Full Text]

Ketola I, Rahman N, Toppari J, et al. Expression and regulation of transcription factors GATA-4 and 
GATA-6 in developing mouse testis. Endocrinology. 1999; 140: 1470 -1480.[Abstract/Free Full Text] 

Ketola I, Toppari J, Vaskivuo T, Herva R, Tapanainen JS, Heikinheimo M. Transcription factor GATA-6, 
cell proliferation, apoptosis, and apoptosis-related proteins Bcl-2 and Bax in human fetal testis. J 
Clin Endocrinol Metab. 2003; 88: 1858 -1865.[Abstract/Free Full Text] 

Kim JS, Griswold MD. E2F and GATA-1 are required for the Sertoli cell-specific promoter activity of 
the follicle-stimulating hormone receptor gene. J Androl. 2001; 22: 629 -639.[Abstract] 

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

Kornhauser JM, Leonard MW, Yamamoto M, LaVail JH, Mayo KE, Engel JD. Temporal and spatial changes in 
GATA transcription factor expression are coincident with development of the chicken optic tectum. 
Brain Res. 1994;23: 100 -110. 

Koutsourakis M, Langeveld A, Patient R, Beddington R, Grosveld F. The transcription factor GATA-6 is 
essential for early extraembryonic development. Development. 1999; 126: 723 -732.[Abstract] 

Kuo CT, Morrisey EE, Anandappa R, Sigrist K, Lu MM, Parmacek MS, Soudais C, Leiden JM. GATA-4 
transcription factor is required for ventral morphogenesis and heart tube formation. Genes Dev. 
1997; 11: 1048 -1060.[Abstract/Free Full Text] 

Laitinen MP, Anttonen M, Ketola I, Wilson DB, Ritvos O, Butzow R, Heikinheimo M. Transcription 
factors GATA-4 and GATA-6 and a GATA family cofactor, FOG-2, are expressed in human ovary and sex 
cord–derived ovarian tumors. J Clin Endocrinol Metab. 2000; 85: 3476 -3483.
[Abstract/Free Full Text]

Laverriere AC, MacNeill C, Mueller C, Poelmann RE, Burch JBE, Evans T. GATA-4/5/6, a subfamily of 
three transcription factors transcribed in developing heart and gut. J Biol Chem. 1994; 269: 23177 -
23184.[Abstract/Free Full Text]

Lee ME, Temizer JA, Clifford JA, Quertermous T. Cloning of the GATA-binding protein that regulates 
endothelin-1 gene expression in endothelial cells. J Biol Chem. 1991; 266: 16188 -16192.
[Abstract/Free Full Text]

Lee Y, Shioi T, Kasahara H, Jobe SM, Wiese RJ, Markham BE, Izumo S. The cardiac tissue-restricted 
homeobox protein Csx/Nkx2.5 physically associates with the zinc finger protein GATA4 and 



cooperatively activates atrial natriuretic factor gene expression. Mol Cell Biol. 1998;18: 3120 -
3129.[Abstract/Free Full Text]

Lei N, Heckert LL. Gata4 regulates testis expression of Dmrt1. Mol Cell Biol. 2004; 24: 377 -388.
[Abstract/Free Full Text]

Leonard MW, Lim K-C, Engel JD. Expression of the chicken GATA factor family during early erythroid 
development and differentiation. Development. 1993; 119: 519 -531.[Abstract] 

Liang Q, Wiese RJ, Bueno OF, Dai YS, Markham BE, Molkentin JD. The transcription factor GATA-4 is 
activated by extracellular signal-regulated kinase 1- and 2-mediated phosphorylation of serine 105 
in cardiomyocytes. Mol Cell Biol. 2001; 21: 7460 -7469.[Abstract/Free Full Text] 

Lieuw KH, Li G, Zhou Y, Grosveld F, Engel JD. Temporal and spatial control of murine GATA-3 
transcription by promoter-proximal regulatory elements. Dev Biol. 1997; 188: 1 -16.[Medline] 

Lindeboom F, Gillemans N, Karis A, Jaegle M, Meijer D, Grosveld F, Philipsen S. A tissue-specific 
knockout reveals that Gata1 is not essential for Sertoli cell function in the mouse. Nucleic Acids 
Res. 2003;31: 5405 -5412.[Abstract/Free Full Text] 

Lossky M, Wesink PC. Regulation of Drosophila yolk protein genes by an ovary-specific GATA factor. 
Mol Cell Biol. 1995; 15: 6943 -6952.[Abstract] 

Lu JR, McKinsey A, Xu H, Wang DZ, Richardson JA, Olson EN. FOG-2, a heart- and brain-enriched 
cofactor for GATA transcription factors. Mol Cell Biol. 1999; 19: 4495 -4502.
[Abstract/Free Full Text]

Martin DI, Orkin SH. Transcriptional activation and DNA binding by the erythroid factor GF-1/NF-
E1/Eryf 1. Genes Dev. 1990; 4: 1886 -1898.[Abstract/Free Full Text] 

Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-dependent factor CREB. Nat Rev 
Mol Cell Biol. 2001;2: 599 -609.[Medline] 

McCoard SA, Wise TH, Fahrenkrug SC, Ford JJ. Temporal and spatial localization patterns of GATA-4 
during porcine gonadogenesis. Biol Reprod. 2001;65: 366 -374.[Abstract/Free Full Text] 

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

Merika M, Orkin SH. Functional synergy and physical interactions of the erythroid transcription 
factor GATA-1 with the Kruppel family proteins Sp1 and EKLF. Mol Cell Biol. 1995; 15: 2437 -2447.
[Abstract]

Molkentin JD. The zinc finger–containing transcription factors GATA-4, -5, and -6. Ubiquitously 
expressed regulators of tissue-specific gene expression. J Biol Chem. 2000; 275: 38949 -38952.
[Free Full Text]

Molkentin JD, Kalvakolanu DV, Markham BE. Transcription factor GATA-4 regulates cardiac muscle-
specific expression of the alphamyosin heavy-chain gene. Mol Cell Biol. 1994; 14: 4947 -4957.
[Abstract/Free Full Text]

Molkentin JD, Lin Q, Duncan SA, Olson EN. Requirement of the transcription factor GATA-4 for heart 
tube formation and ventral morphogenesis. Genes Dev. 1997; 11: 1061 -1072.[Abstract/Free Full Text] 

Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J, Robbins J, Grant SR, Olson EN. A 
calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell. 1998; 93: 215 -228.
[Medline]



Molkentin JD, Tymitz KM, Richardson JA, Olson EN. Abnormalities of the genitourinary tract in female 
mice lacking GATA-5. Mol Cell Biol. 2000;20: 5256 -5260.[Abstract/Free Full Text] 

Montminy M. Transcriptional regulation by cyclic AMP. Annu Rev Biochem. 1997; 66: 807 -822.[Medline]

Morin S, Charron F, Robitaille L, Nemer M. GATA-dependent recruitment of MEF2 proteins to target 
promoters. EMBO J. 2000;19: 2046 -2055.[Medline] 

Morrisey EE, Ip HS, Lu MM, Parmacek MS. GATA-6: a zinc finger transcription factor that is expressed 
in multiple cell lineages derived from lateral mesoderm. Dev Biol. 1996; 177: 309 -322.[Medline] 

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.[Medline] 

Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang F, Ip HS, Parmacek MS. GATA-6 regulates HNF4 and is 
required for differentiation of visceral endoderm in the mouse embryo. Genes Dev. 1998; 12: 3579 -
3590.[Abstract/Free Full Text]

Nemer G, Nemer M. Transcriptional activation of BMP-4 and regulation of mammalian organogenesis by 
GATA-4 and -6. Dev Biol. 2003;254: 131 -148.[Medline] 

Nerlov C, Querfurth E, Kulessa H, Graf T. GATA-1 interacts with the myeloid PU.1 transcription 
factor and represses PU.1-dependent transcription. Blood. 2000;95: 2543 -2551.
[Abstract/Free Full Text]

Nichols KE, Crispino JD, Poncz M, White JG, Orkin SH, Maris JM, Weiss MJ. Familial dyserythropoietic 
anaemia and thrombocytopenia due to an inherited mutation in GATA1. Nat Genet. 2000; 24: 266 -270.
[Medline]

Omichinski JG, Trainor C, Evans T, Gronenborn AM, Clore GM, Felsenfeld G. A small single-"finger" 
peptide from the erythroid transcription factor GATA-1 binds specifically to DNA as a zinc or iron 
complex. Proc Natl Acad Sci U S A. 1993; 90: 1676 -1680.[Abstract/Free Full Text] 

Ono Y, Fukuhara N, Yoshie O. TAL1 and LIM-only proteins synergistically induce retinaldehyde 
dehydrogenase 2 expression in T-cell acute lymphoblastic leukemia by acting as cofactors for GATA3. 
Mol Cell Biol. 1998;18: 6939 -6950.[Abstract/Free Full Text] 

Onodera K, Yomogida K, Suwabe N, et al. Conserved structure, regulatory elements, and 
transcriptional regulation from the GATA-1 gene testis promoter. J Biochem. 1997; 121: 251 -263.
[Abstract/Free Full Text]

Orkin SH. GATA-binding transcription factors in hematopoietic cells. Blood. 1992; 80: 575 -581.
[Free Full Text]

Osada H, Grutz G, Axelson H, Forster A, Rabbitts TH. Association of erythroid transcription factors: 
complexes involving the LIM protein RBTN2 and the zinc-finger protein GATA1. Proc Natl Acad Sci U S 
A. 1995;92: 9585 -9589.[Abstract/Free Full Text] 

Pandolfi PP, Roth ME, Karis A, Leonard MW, Dzierzak E, Grosveld FG, Engel JD, Lindenbaum MH. 
Targeted disruption of the GATA-3 gene causes severe abnormalities in the nervous system and in 
fetal liver haematopoiesis. Nat Genet. 1995; 11: 40 -44.[Medline] 

Parmacek MS, Ip HS, Jung F, Shen T, Martin JF, Vora AJ, Olson EN, Leiden JM. A novel myogenic 
regulatory circuit controls slow/cardiac troponin C gene transcription in skeletal muscle. Mol Cell 
Biol. 1994;14: 1870 -1885.[Abstract/Free Full Text] 



Perez-Stable CM, Pozas A, Roos BA. A role for GATA transcription factors in the androgen regulation 
of the prostate-specific antigen gene enhancer. Mol Cell Endocrinol. 2000; 167: 43 -53.[Medline] 

Pevny L, Lin CS, D'Agati V, Simon MC, Orkin SH, Constantini F. Development of hematopoietic cells 
lacking transcription factor GATA-1. Development. 1995; 121: 163 -172.[Abstract] 

Pevny L, Simon MC, Robertson E, Klein WH, Tsai SF, D'Agati V, Orkin SH, Costantini 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] 

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. Endocrinology. 1997; 138: 3417 -3425.
[Abstract/Free Full Text]

Rekhtman N, Radparvar F, Evans T, Skoultchi AI. Direct interaction of hematopoietic transcription 
factors PU.1 and GATA-1: functional antagonism in erythroid cells. Genes Dev. 1999; 13: 1398 -1411.
[Abstract/Free Full Text]

Richards JS. New signaling pathways for hormones and cyclic adenosine 3',5'-monophosphate action in 
endocrine cells. Mol Endocrinol. 2001; 15: 209 -218.[Abstract/Free Full Text] 

Robert NM, Tremblay JJ, Viger RS. FOG-1 and FOG-2 differentially repress the GATA-dependent activity 
of multiple gonadal promoters. Endocrinology. 2002; 143: 3963 -3973.[Abstract/Free Full Text] 

Shen WH, Moore CC, Ikeda Y, Parker KL, Ingraham HA. Nuclear receptor steroidogenic factor 1 
regulates the Müllerian inhibiting substance gene: a link to the sex determination cascade. Cell. 
1994;77: 651 -661.[Medline] 

Shivdasani RA, Fujiwara Y, McDevitt MA, Orkin SH. A lineage-selective knockout establishes the 
critical role of transcription factor GATA-1 in megakaryocyte growth and platelet development. EMBO 
J. 1997;13: 3965 -3973. 

Siggers P, Smith L, Greenfield A. Sexually dimorphic expression of Gata-2 during mouse gonad 
development. Mech Dev. 2002; 111: 159 -162.[Medline] 

Silverman E, Eimerl S, Orly J. CCAAT enhancer-binding protein beta and GATA-4 binding regions within 
the promoter of the steroidogenic acute regulatory protein (StAR) gene are required for 
transcription in rat ovarian cells. J Biol Chem. 1999; 274: 17987 -17996.[Abstract/Free Full Text] 

Singh L, Wadhwa R, Naidu S, Nagaraj R, Ganesan M. Sex- and tissue-specific Bkm(GATA)-binding protein 
in the germ cells of heterogametic sex. J Biol Chem. 1994; 269: 25321 -25327.
[Abstract/Free Full Text]

Spieth J, Shim YH, Lea K, Conrad R, Blumethal T. elt-1, An embryonically expressed Caenorhabditis 
elegans gene homologous to the GATA transcription factor family. Mol Cell Biol. 1991; 11: 4651 -
4659.[Abstract/Free Full Text]

Svensson EC, Huggins GS, Dardik FB, Polk CE, Leiden JM. A functionally conserved N-terminal domain 
of the Friend of GATA-2 (FOG-2) protein represses GATA4-dependent transcription. J Biol Chem. 
2000a;275: 20762 -20769.[Abstract/Free Full Text] 

Svensson EC, Huggins GS, Lin H, Clendenin C, Jiang F, Tufts R, Dardik FB, Leiden JM. A syndrome of 
tricuspid atresia in mice with a targeted mutation of the gene encoding fog-2. Nat Genet. 2000b; 25: 
353 -356.[Medline] 

Svensson EC, Tufts RL, Polk CE, Leiden JM. Molecular cloning of FOG-2: a modulator of transcription 



factor GATA-4 in cardiomyocytes. Proc Natl Acad Sci U S A. 1999; 96: 956 -961.
[Abstract/Free Full Text]

Takahashi S, Shimizu R, Suwabe N, et al. GATA factor transgenes under GATA-1 locus control rescue 
germline GATA-1 mutant deficiencies. Blood. 2000;96: 910 -916.[Abstract/Free Full Text] 

Tamura S, Wang XH, Maeda M, Futai M. Gastric DNA-binding proteins recognize upstream sequence motifs 
of parietal cell-specific genes. Proc Natl Acad Sci U S A. 1993; 90: 10876 -10880.
[Abstract/Free Full Text]

Teixeira J, Maheswaran S, Donahoe PK. Müllerian inhibiting substance: an instructive developmental 
hormone with diagnostic and possible therapeutic applications. Endocrinol Rev. 2001; 22: 657 -674.
[Abstract/Free Full Text]

Tevosian SG, Albrecht KH, Crispino JD, Fujiwara Y, Eicher EM, Orkin SH. Gonadal differentiation, sex 
determination and normal Sry expression in mice require direct interaction between transcription 
partners GATA4 and FOG2. Development. 2002; 129: 4627 -4634.[Abstract/Free Full Text] 

Tevosian SG, Deconinck AE, Cantor AB, Rieff HI, Fujiwara Y, Corfas G, Orkin SH. FOG-2: a novel GATA-
family cofactor related to multitype zinc-finger proteins Friend of GATA-1 and U-shaped. Proc Natl 
Acad Sci U S A. 1999;96: 950 -955.[Abstract/Free Full Text] 

Tevosian SG, Deconinck AE, Tanaka M, Schinke M, Litovsky SH, Izumo S, Fujiwara Y, Orkin SH. FOG-2, a 
cofactor for GATA transcription factors, is essential for heart morphogenesis and development of 
coronary vessels from epicardium. Cell. 2000; 101: 729 -739.[Medline] 

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] 

Tremblay JJ, Hamel F, Viger RS. Protein kinase A–dependent cooperation between GATA and C/EBP 
transcription factors regulates StAR promoter activity. Endocrinology. 2002; 143: 3935 -3945.
[Abstract/Free Full Text]

Tremblay JJ, Robert NM, Viger RS. Modulation of endogenous GATA-4 activity reveals its dual 
contribution to Müllerian inhibiting substance gene transcription in Sertoli cells. Mol Endocrinol. 
2001; 15: 1636 -1650.[Abstract/Free Full Text] 

Tremblay JJ, Viger RS. Transcription factor GATA-4 enhances Müllerian inhibiting substance gene 
transcription through a direct interaction with the nuclear receptor SF-1. Mol Endocrinol. 1999;13: 
1388 -1401.[Abstract/Free Full Text] 

Tremblay JJ, Viger RS. GATA factors differentially activate multiple gonadal promoters through 
conserved GATA regulatory elements. Endocrinology. 2001a; 142: 977 -986.[Abstract/Free Full Text] 

Tremblay JJ, Viger RS. Nuclear receptor Dax1 represses the transcriptional cooperation between GATA-
4 and SF-1 in Sertoli cells. Biol Reprod. 2001b; 64: 1191 -1199.[Abstract/Free Full Text] 

Tremblay JJ, Viger RS. A mutated form of steroidogenic factor 1 (SF-1 G35E) that causes sex reversal 
in humans fails to synergize with transcription factor GATA-4. J Biol Chem. 2003a; 278: 42637 -
42642.[Abstract/Free Full Text]

Tremblay JJ, Viger RS. Novel roles for GATA transcription factors in the regulation of 
steroidogenesis. J Steroid Biochem Mol Biol. 2003b;85: 291 -298.[Medline] 

Tremblay JJ, Viger RS. Transcription factor GATA-4 is activated by phosphorylation of serine 261 via 
the cAMP/PKA pathway in gonadal cells. J Biol Chem. 2003c; 278: 22128 -22135.
[Abstract/Free Full Text]



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] 

Tsai SF, Martin DI, Zon LI, D'Andrea AD, Wong GG, Orkin SH. Cloning of cDNA for the major DNA-
binding protein of the erythroid lineage through expression in mammalian cells. Nature. 1989; 339: 
446 -451.[Medline] 

Tsang AP, Fujiwara Y, Hom DB, Orkin SH. Failure of megakaryopoiesis and arrested erythropoiesis in 
mice lacking the GATA-1 transcriptional cofactor FOG. Genes Dev. 1998; 12: 1176 -1188.
[Abstract/Free Full Text]

Tsang AP, Visvader JE, Turner CA, Fujiwara Y, Yu C, Weiss MJ, Crossley M, Orkin SH. FOG, a multitype 
zinc finger protein, acts as a cofactor for transcription factor GATA-1 in erythroid and 
megakaryocytic differentiation. Cell. 1997; 90: 109 -119.[Medline] 

Turner J, Crossley M. Cloning and characterization of mCtBP2, a corepressor that associates with 
basic Kruppel-like factor and other mammalian transcriptional regulators. EMBO J. 1998; 17: 5129 -
5140.[Medline]

Van Esch H, Groenen P, Nesbit MA, et al. GATA3 haplo-insufficiency causes human HDR syndrome. 
Nature. 2000; 406: 419 -422.[Medline] 

Vaskivuo TE, Aittomaki K, Anttonen M, et al. Effects of follicle-stimulating hormone (FSH) and human 
chorionic gonadotropin in individuals with an inactivating mutation of the FSH receptor. Fertil 
Steril. 2002; 78: 108 -113.[Medline] 

Viger RS, Mertineit C, Trasler JM, Nemer M. Transcription factor GATA-4 is expressed in a sexually 
dimorphic pattern during mouse gonadal development and is a potent activator of the Müllerian 
inhibiting substance promoter. Development. 1998; 125: 2665 -2675.[Abstract] 

Watanabe K, Clarke TR, Lane AH, Wang X, Donahoe PK. Endogenous expression of Müllerian inhibiting 
substance in early postnatal rat Sertoli cells requires multiple steroidogenic factor-1 and GATA-4–
binding sites. Proc Natl Acad Sci U S A. 2000; 97: 1624 -1629.[Abstract/Free Full Text] 

Weiss MJ, Orkin SH. GATA transcription factors: key regulators of hematopoiesis. Exp Hematol. 1995a; 
23: 99 -107.[Medline] 

Weiss MJ, Orkin SH. Transcription factor GATA-1 permits survival and maturation of erythroid 
precursors by preventing apoptosis. Proc Natl Acad Sci U S A. 1995b; 92: 9623 -9627.
[Abstract/Free Full Text]

Wooton-Kee CR, Clark BJ. Steroidogenic factor-1 influences protein-deoxyribonucleic acid 
interactions within the cyclic adenosine 3,5-monophosphate-responsive regions of the murine 
steroidogenic acute regulatory protein gene. Endocrinology. 2000; 141: 1345 -1355.
[Abstract/Free Full Text]

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.
[Abstract/Free Full Text]

Yang HY, Evans T. Distinct roles for the two cGATA-1 finger domains. Mol Cell Biol. 1992; 12: 4562 -
4570.[Abstract/Free Full Text]

Yomogida K, Ohtani H, Harigae H, Ito E, Nishimune Y, Engel JD, Yamamoto M. Developmental stage- and 
spermatogenic cycle-specific expression of transcription factor GATA-1 in mouse Sertoli cells. 
Development. 1994; 120: 1759 -1766.[Abstract] 



Zhang Z, Wu AZ, Feng ZM, Mruk D, Cheng CY, Chen CL. Gonadotropins, via cAMP, negatively regulate 
GATA-1 gene expression in testicular cells. Endocrinology. 2002; 143: 829 -836.
[Abstract/Free Full Text]

Zhou Y, Lim KC, Onodera K, et al. Rescue of the embryonic lethal hematopoietic defect reveals a 
critical role for GATA-2 in urogenital development. EMBO J. 1998; 17: 6689 -6700.[Medline] 

This article has been cited by other articles: 

B. Zhou, T. A. Francis, H. Yang, W. Tseng, Q. Zhong, B. Frenkel, Edward. 
E. Morrisey, David. K. Ann, P. Minoo, E. D. Crandall, et al.
GATA-6 mediates transcriptional activation of aquaporin-5 through 
interactions with Sp1
Am J Physiol Cell Physiol, November 1, 2008; 295(5): C1141 - C1150.  
[Abstract] [Full Text] [PDF] 

 

R. S. Viger, S. M. Guittot, M. Anttonen, D. B. Wilson, and M. Heikinheimo
Role of the GATA Family of Transcription Factors in Endocrine 
Development, Function, and Disease
Mol. Endocrinol., April 1, 2008; 22(4): 781 - 798.  
[Abstract] [Full Text] [PDF] 

 

A. Bhardwaj, M. K. Rao, R. Kaur, M. R. Buttigieg, and M. F. Wilkinson
GATA Factors and Androgen Receptor Collaborate To 
Transcriptionally Activate the Rhox5 Homeobox Gene in Sertoli Cells
Mol. Cell. Biol., April 1, 2008; 28(7): 2138 - 2153.  
[Abstract] [Full Text] [PDF] 

 

G. J. Bouma, L. L. Washburn, K. H. Albrecht, and E. M. Eicher
Correct dosage of Fog2 and Gata4 transcription factors is critical for 
fetal testis development in mice
PNAS, September 18, 2007; 104(38): 14994 - 14999.  
[Abstract] [Full Text] [PDF] 

 

S. Mazaud Guittot, A. Tetu, E. Legault, N. Pilon, D. W. Silversides, and R. 
S. Viger
The Proximal Gata4 Promoter Directs Reporter Gene Expression to 
Sertoli Cells During Mouse Gonadal Development
Biol Reprod, January 1, 2007; 76(1): 85 - 95.  
[Abstract] [Full Text] [PDF] 

 

C. A. McDonald, A. C. Millena, S. Reddy, S. Finlay, J. Vizcarra, S. A. Khan, 
and J. S. Davis
Follicle-Stimulating Hormone-Induced Aromatase in Immature Rat 
Sertoli Cells Requires an Active Phosphatidylinositol 3-Kinase 



Pathway and Is Inhibited via the Mitogen-Activated Protein Kinase 
Signaling Pathway
Mol. Endocrinol., March 1, 2006; 20(3): 608 - 618.  
[Abstract] [Full Text] [PDF] 

 

M. F. Bouchard, H. Taniguchi, and R. S. Viger
Protein Kinase A-Dependent Synergism between GATA Factors and 
the Nuclear Receptor, Liver Receptor Homolog-1, Regulates Human 
Aromatase (CYP19) PII Promoter Activity in Breast Cancer Cells
Endocrinology, November 1, 2005; 146(11): 4905 - 4916.  
[Abstract] [Full Text] [PDF] 

 

This Article

Full Text (PDF) 

Alert me when this article is cited 

Alert me if a correction is posted 

Services

Similar articles in this journal 

Similar articles in PubMed 

Alert me to new issues of the journal 

Download to citation manager 

Citing Articles

Citing Articles via HighWire 

Citing Articles via Google Scholar 

Google Scholar

Articles by Viger, R. S. 

Articles by Tremblay, J. J. 

Search for Related Content 

PubMed

PubMed Citation 

Articles by Viger, R. S. 

Articles by Tremblay, J. J. 

HOME HELP FEEDBACK SUBSCRIPTIONS ARCHIVE SEARCH TABLE OF CONTENTS


