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Abstract

The regulation of steroidogenic acute regulatory protein (StAR) gene transcription by cAMP-
dependent mechanisms occurs in the absence of a consensus CAMP response element (CRE,
TGACGTGA). This regulation is coordinated by multiple transcription factors that bind to
sequence-specific elements located approximately 150 bp upstream of the transcription start site.
Among the proteins that bind within this region, the basic leucine zipper (bZIP) family of
transcription factors, i.e. CRE binding protein (CREB)/CRE modulator (CREM)/activating
transcription factor (ATF), activator protein 1 (AP-1; Fos/Jun), and CCAAT enhancer binding
protein  (C/EBPP), interact with an overlapping region (-81/-72 bp) in the StAR promoter,
mediate stimulus-transcription coupling of cCAMP signaling and play integral roles in regulating
StAR gene expression. These bZIP proteins are structurally similar and bind to DNA sequences as
dimers; however, they exhibit discrete transcriptional activities, interact with several transcription
factors and other properties that contribute in their regulatory functions. The 5’-flanking —-81/-72
bp region of the StAR gene appears to function as a key element within a complex cAMP response
unit by binding to different bZIP members, and the StAR promoter displays variable states of
cAMP responsivity contingent upon the occupancy of these cis-elements with these transcription
factors. The expression and activities of CREB/CREM/ATF, Fos/Jun and C/EBP have been
demonstrated to be mediated by a plethora of extracellular signals, and the phosphorylation of
these proteins at several Ser and Thr residues allows recruitment of the transcriptional coactivator
CREB binding protein (CBP) or its functional homolog p300 to the StAR promoter. This review
will focus on the current level of understanding of the roles of selective bZIP family proteins
within the complex series of processes involved in regulating StAR gene transcription.
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1. Introduction

An indispensable event in the regulation of steroid hormone biosynthesis is the delivery of
cholesterol from the outer to the inner mitochondrial membrane, a process that is mediated
by the steroidogenic acute regulatory protein (StAR) (Clark et al., 1994; Lin et al., 1995;
Waterman, 1995; Stocco and Clark, 1996; Christenson and Strauss, 2000; Miller, 2007).
Expression of the StAR protein in the adrenals and gonads is regulated by cAMP signaling,
and is tightly correlated with the acute steroidogenic response of these tissues to tropic
hormone stimulation (Clark et al., 1995; Miller, 1995; Stocco, 2000; Manna and Stocco,
2005). Compelling evidence for the critical role StAR serves in regulating steroidogenesis
came from patients suffering from lipoid congenital adrenal hyperplasia (lipoid CAH).
These patients were determined to possess mutations in the StAR gene that leads to
markedly impaired adrenal and gonadal steroid biosynthesis (Lin et al., 1995; Miller, 1997;
Bose et al., 2000). The targeted disruption of the StAR gene in mice generates an essentially
identical phenotype to that of lipoid CAH in humans (Caron et al., 1997, 1998; Hasegawa et
al., 2000). Regulation of cAMP dependent StAR expression, and thus steroid synthesis,
involves transcriptional induction; however, the StAR gene promoter lacks a consensus
CAMP response element (CRE, 5 -TGACGTGA-3") and resembles the promoters of several
steroid hydroxylase genes that are regulated by cAMP signaling, suggesting the involvement
of alternate regulatory factors in CAMP responsiveness (Waterman, 1994). Several lines of
evidence indicate that the StAR gene is regulated by several trans-acting factors that bind to
a region in the proximal StAR promoter which is highly homologous among different
species (Wooton-Kee and Clark, 2000; Manna et al., 2003b, 2004, 2008; Hiroi et al., 2004a;
Silverman et al., 2006; Yivgi-Ohana et al., 2008). Studies have identified a conserved motif
within this region (-81/-72; 5'-TGACTGATGA-3") that recognizes the CRE (CREB/CRE
modulator (CREM)/activating transcription factor 1 (ATF-1)), activator protein 1 (AP-1, Fos
and Jun), and CCAAT/enhancer binding protein p (C/EBP) families of proteins. This motif
appears to function within a cAMP response unit in the StAR promoter, and serves a central
role in the transcriptional regulation of the StAR gene (Manna et al., 2003b, 2004; Hiroi et
al., 2004a; Clem et al., 2005; Silverman et al., 2006; Manna and Stocco, 2007, 2008; Yivgi-
Ohana et al., 2008).

CREB/CREM/ATF-1, Fos and Jun, and C/EBP, are basic leucine zipper (bZIP) proteins
that bind to specific double-stranded DNA sequences as homodimers and/or heterodimers,
and result in varying effects on transcription (Montminy et al., 1986; Meyer and Habener,
1993; Montminy, 1997; De Cesare and Sassone-Corsi, 2000; Shaulian and Karin, 2001;
Ramji and Foka, 2002; Hess et al., 2004; Deppmann et al., 2006). These factors constitute
one of the most important classes of enhancer-type transcription factors and as a group are
seen to play a role in a large array of physiological processes including development,
differentiation, reproduction, tumor progression, metabolism, circadian rhythms, learning,
memory and stress (Sassone-Corsi, 1995; Nantel et al., 1996; Sanyal et al., 2002; Manna et
al., 2004; Sassone-Corsi, 2005; Hogeveen and Sassone-Corsi, 2006; Kehat et al., 2006). The
bZIP proteins are structurally similar and typically possess a DNA binding domain which
consists of a basic region involved in recognition and sequence-specific binding to DNA and
a leucine zipper, which contains a coiled-coil structure with heptad repeats of leucines
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(appearing at an interval of six amino acids), responsible for dimerization (Fig. 1). The
expression and activities of these proteins are mediated by a myriad of signaling pathways
including cAMP-dependent protein kinase A (PKA), PKC and other kinases, and have been
demonstrated to have diverse effects on DNA binding and gene transcription (Chrivia et al.,
1993; Shaulian and Karin, 2001; Ramji and Foka, 2002; Johannessen et al., 2004; Tang et
al., 2005).

The transcriptional coactivators, CREB binding protein (CBP) and closely related p300
(CBP/p300), structurally and functionally link specific transcriptional factors bound to
elements of the promoter with the general transcriptional machinery (Cardinaux et al., 2000;
Vo and Goodman, 2001). This facilitates RNA polymerase Il recruitment and results in the
activation of transcription of a number of genes including StAR (Goodman and Smolik,
2000; Hiroi et al., 2004a; Clem et al., 2005; Manna and Stocco, 2007). CBP/p300 harbor
multiple functional domains, possess histone acetyltransferase (HAT) activity, and interact
with a variety of transcription factors including CREB (Kwok et al., 1994; Manna and
Stocco, 2007), Fos/Jun [Arias et al., 1994; Bannister and Kouzarides, 1995; Manna and
Stocco, 2007), C/EBP (Kovacs et al., 2003; Silverman et al., 2006), and several nuclear
receptors (Kamei et al., 1996; Horwitz et al., 1996; Fronsdal et al., 1998). Furthermore,
these coactivators have been shown to perform an important role in the integration of diverse
signaling pathways that lead to changes in gene expression (Kamei et al., 1996; Fronsdal et
al., 1998). This review summarizes the transcriptional properties and potential functions of
CREB/CREM/ATF-1, Fos/Jun and C/EBP, factors that are known to be involved in
regulating StAR gene expression.

2. CRE signaling and StAR gene transcription

Transcriptional regulation, a key control mechanism in fundamental biological processes
that results from stimulation of the adenylate cyclase signaling pathway, is mediated by a
family of cAMP-responsive factors. This family consists of a large number of proteins
encoded by the CREB, CREM, and ATF genes that bind the 8-bp palindromic sequence 5’-
TGACGTCA-3" or a minor variation thereof. This specific sequence, termed the cAMP
response element (CRE), is commonly found within 100 nucleotides of the TATA box in the
promoters of eukaryotic genes (Montminy et al., 1986; Meyer and Habener, 1993; Sassone-
Corsi, 1995; Montminy, 1997; Roesler, 2000). Studies have demonstrated that the 5’-
TGACG half of the palindrome is more highly conserved with respect to the 3-TCA
(Sassone-Corsi, 1995). CREB, a 43-kDa bZIP transcription factor that binds to DNA as a
homodimer, not only mediates stimulus-transcription coupling in the cCAMP pathway but
also functions as a point of convergence among a variety of signaling molecules. CREB
cDNAs cloned from human, rat and mouse reveal the presence of two CREB protein
isoforms, CREB341 and CREB327, which arise from alternatively spliced mRNAs of the
same gene (Fig. 2). Members of the CREB family (including CREM and ATF-1) are
distinguished by their DNA-binding bZIP domains, interact with each other, and mediate the
transcriptional response to cAMP signaling (Meyer and Habener, 1993; Della Fazia et al.,
1997). Although CREB has been shown to serve as the principal agent in mediating the
transcriptional response at CREs for a variety of biological functions, CREB knockout
studies demonstrated that these functions can be compensated for by the involvement of the
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other CRE-binding proteins such as CREM and ATF-1 (Hummler et al., 1994). Such a
mechanism appears to be in place in regulating steroidogenesis, since CREB family
members are known to directly accelerate the transcription of the StAR gene (Manna et al.,
2002, 2003a, 2006; Hiroi et al., 2004a; Clem et al., 2005; Yivgi-Ohana et al., 2008). We
have identified and characterized three CRE-like elements within the —96/-67 bp region
(=71/-42 from the TATA box) of the mouse StAR promoter that recognize CREB and other
CRE-binding proteins (Manna et al., 2002, 2003a, 2004, Manna and Stocco, 2007). In
examining the functional impact of these three sites, termed CRE1, CRE2, and CRE3, it has
been shown that CREB-mediated StAR gene transcription is most heavily influenced by the
CREZ2 site when compared to the CRE1 and CRES3 sites and that CREB shows higher
sequence-specific binding to the CRE2 site than the other CRES in in vitro binding assays
(Manna et al., 2003a, 2004; Manna and Stocco, 2007). Recently, the functional importance
of the CREZ2 site in CREB/ATF binding has also been demonstrated in placental StAR
transcription (Yivgi-Ohana et al., 2008). Notably, however, all three CRE elements are
required in order for the StAR promoter to exhibit full CREB responsiveness. Consistent
with these findings, the ability of CREB to activate promoters frequently occurs by having
multiple CRE binding factors recognize tandem sets of CRESs rather than relying on the
binding of a single dimer to the DNA (Roesler et al., 1995; Roesler, 2000; Wilson et al.,
2002).

Whereas CREB gene products are generally observed to be positive trans-activators, CREM
is found to either activate or repress CRE-mediated transcription depending upon whether
the glutamine-rich exons C and G are spliced in or out, respectively (Foulkes and Sassone-
Corsi, 1992; Meyer and Habener, 1992). CREB and CREM are cyclically expressed during
spermatogenesis, where the function of CREM is converted from antagonist to activator
(Foulkes et al., 1992, 1993). Moreover, the regulation of CREM in the testis is under the
control of the hypothalamo-pituitary-gonadal axis, especially through FSH signaling.
Alternative splicing of the CREM gene can give rise to several isoforms that act as either
activators (<, 1 and t2) or repressors (a., p and -y) of transcription (Walker and Habener,
1996; Sassone-Corsi, 1998). Of these isoforms, CREM< is abundant in the adult testis, but
exhibits low expression in prepubertal animals where the repressive isoforms are more
readily detected (Zhou et al., 1996). It has been demonstrated that functional regions in the
CREB protein are identical to CREM< (Meyer and Habener, 1992; Ruppert et al., 1992; Lee
and Masson, 1993), and the overexpression of either CREB or CREM< has been shown to
have qualitatively similar effects in activating CAMP-mediated StAR gene expression in
mouse adrenal and gonadal cells (Manna et al., 2002, 2003a, 2006; Sugawara et al., 2006;
Manna and Stocco, 2007). In contrast, CREMa and CREM are to repress transcription of
the StAR gene (Manna et al., 2003a). As pointed out, both the CREM and CREB genes can
express numerous isoforms generated though a multiplicity of alternative exon splicing sites;
however, the CREM gene is unique from CREB and the other bZIP transcription factors in
that it encodes two distinct DNA binding domains, which may be differentially utilized
through splicing events (Ruppert et al., 1992; Meyer and Habener, 1993). The CREM
proteins can recognize and bind to CREs as homodimers or as heterodimers with CREB/
ATF, and these dimers show similar functional responses to those of CREB (Meyer and
Habener, 1993; Sassone-Corsi, 1998). For example, oligonucleotide probes containing one
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or more CRE sites found in the StAR promoter can readily bind recombinant CREB protein
and endogenous CREB in nuclear extracts (NE) from mouse Leydig, adrenal and placental
trophoblast giant cells (Manna et al., 2002, 2003a, 2004; Sugawara et al., 2006; Manna and
Stocco, 2007; Yivgi-Ohana et al., 2008). Closer study, however, identified CREM proteins as
the predominant binding species, as the protein:DNA binding was essentially abolished with
CREM1 antibody (Ab), but not with Abs specific for other CREB family members. In
addition, an ATF-1 Ab supershifted the protein:DNA binding that occurred in connection
with the StAR CRE element(s) (Manna et al., 2002; Yivgi-Ohana et al., 2008). Importantly,
CREB and CREM have been demonstrated to associate with the proximal rather than the
distal StAR promoter following treatment with a cAMP analog (Hiroi et al., 2004a; Clem et
al., 2005; Manna and Stocco, 2007), although the specific balance of these genes in
regulating the StAR gene is still a matter of contention. A comparison between the
involvement of CREB and CREM in cAMP-mediated StAR gene expression identified
CREM as the principal mediator in adrenal NCI-H295R cells (Sugawara et al., 2006).
However, another study demonstrated that CREB and ATF-1, but not CREM, are
predominantly bound to the StAR promoter in response to cCAMP signaling (Clem et al.,
2005). Taken together, these findings demonstrate the functional relevance of different CRE
DNA binding proteins in the transcriptional regulation of the StAR gene.

CREM is known to play a pivotal role in reproduction as mice lacking the CREM gene,
while known survive to adulthood, are sterile due to an arrest in spermatogenesis resulting
from germ cell apoptosis instead of differentiation (Nantel et al., 1996). It is noteworthy,
however, that the induction of CREM activators by phosphorylation results in a marked
increase in the expression of the ICER (inducible CAMP early repressor) (Delmas et al.,
1993; Walker et al., 1994; Sassone-Corsi, 1998). ICER arises via an alternative intronic
promoter within the CREM gene. While ICER contains the DNA binding and dimerization
domains, it lacks the typical trans-activation domains. Furthermore, the DNA binding
domain of ICER can efficiently bind to CREs, heterodimerizes with CREB, CREM~ or
related trans-activators, and thus functions as a powerful repressor of cAMP-induced
transcription (Walker et al., 1998; Sassone-Corsi, 1998; Zwermann et al., 2007). It has been
demonstrated that ICER represses the CREB/CREM-mediated activation of StAR gene
transcription (Manna et al., 2002), and it is presumed that heterodimerization of ICER with
CREB/CREM inhibits their normal capacity to induce StAR expression in response to
cAMP signaling. ICER is capable of down regulating the CRE-mediated transcription of the
CREB gene in Sertoli cells and suppresses both basal and cAMP-induced expression of the
inhibin a-subunit gene in granulosa cells (Walker et al., 1998; Mukherjee et al., 1998;
Zwermann et al., 2007). It is worth noting that the functional effects of CREM in the testis
are also known to involve ACT (activator of CREM in testis), a testis specific factor
consisting of four complete LIM domains and one N-terminal half-LIM motif (Fimia et al.,
2000; Kotaja et al., 2004). ACT is co-localized with CREM in germ cells, coordinately
regulated during spermatogenesis, interacts with CREB/CREM and acts as a trans-activator
(Fimia et al., 2000, 2001); however, its role in StAR gene transcription has not been
described.

In addition to CREB and CREM, the CRE-binding protein ATF-1 also appears to be an
important regulator of StAR expression. Although the nucleic acid sequences found in these
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factors have diverged considerably, ATF-1 is structurally and functionally similar to the
activators of CREB and CREM. ATF-1 differs from CREB and CREM in that it lacks the
glutamine-rich Q1 domain, but this does not prevent ATF-1 from functioning effectively as a
transcriptional activator (Meyer and Habener, 1993; Della Fazia et al., 1997; Sassone-Corsi,
1998). As such, ATF-1 is thought to serve in both complementary and substitutionary
capacities relative to the other CRE-binding proteins. In support of this mechanism,
recombinant CREB bound to CRE-like element(s) in the StAR promoter can be recognized
by ATF-1 and/or ATF-2 Abs in different steroidogenic cells (Manna et al., 2002, 2006;
Yivgi-Ohana et al., 2008). DNA-affinity chromatography has demonstrated that ATF-1 can
bind to the C/EBPB/non-consensus AP-1/nuclear receptor half-site site of the StAR
promoter (Clem et al., 2005), which is the same region described earlier that can bind
recombinant CREB, and the binding was found to be supershifted by ATF-1 (Manna et al.,
2002; Yivgi-Ohana et al., 2008). Given the large number of CRE-binding proteins involved
in regulating the StAR promoter, it is interesting to note that two paralogs of ATF-1, termed
CRE binding protein 1 (CRE-BP1, also known as ATF-2) and ATF-a, which have evolved by
gene duplication, exhibit alternative exon splicing and bind to CREs, but do not mediate
cAMP responsive trans-activations (Meyer and Habener, 1993).

3. Role of Fos/Jun in StAR gene expression

The AP-1 family of transcription factors, which includes Fos and Jun, share many
properties, bind to a DNA sequence known as the AP-1/phorbol 12- O-tetradecanoate 13-
acetate responsive element (AP-1/TRE; TGA(C/G)TCA), and have been reported to play
central roles in regulating many biological functions including proliferation, differentiation,
and transformation (Angel and Karin, 1991; Hai and Curran, 1991; Kerppola and Curran,
1991; Shaulian and Karin, 2001; Masquilier and Sassone-Corsi, 1992; Manna et al., 2004;
Zenz et al., 2008). Fos members heterodimerize with Jun proteins and with select members
of the CREB/ATF family, but do not form homodimers, whereas Jun members function as
homodimers or heterodimers among themselves or with members of the Fos and CREB/ATF
families (Hai and Curran, 1991; Angel and Karin, 1991; O’Shea et al., 1992; Hess et al.,
2004). Examination of the mouse StAR promoter identified a highly conserved element
(TGACTGA, -81/-75 bp) that was homologous to the AP-1/TRE sequence, and was also
noted to overlap with the CRE2 sequence (Manna et al., 2002). This element, referred to as
CRE2/AP-1, was demonstrated to recruit Fos and Jun, and through binding to the CRE2/
AP-1 motif these proteins can have both positive and negative effects on StAR gene
transcription (Manna et al., 2004; Manna and Stocco, 2007, 2008). Notably, however, the
CRE2/AP-1 region (TGACTGA) in the mouse StAR promoter does not bind to AP-1
proteins in primary cultures of ovarian cells, unless it is mutated to TGACTCcA (Silverman et
al., 1999). Results of a number of studies point to the CRE2/AP-1 element as a key site for
AP-1 family members to mediate these specific effects (Wooton-Kee and Clark, 2000;
Manna et al., 2002, 2003a; Clem et al., 2005; Manna and Stocco, 2007, 2008). First, the
effects of Fos and Jun on the StAR promoter are lost when mutations are introduced in the
CRE2/AP-1 motif. Second, oligonucleotide probes encompassing the CRE2/AP-1 element
are seen to bind proteins in MA-10 NE, and this protein:DNA complex is abolished by c-Fos
and Fra-2 Abs. Third, chromatin immunoprecipitation assays targeting this region show that
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CREB as well as Fos/Jun are targeted to the proximal StAR promoter in response to cCAMP
signaling (Hiroi et al., 2004a; Clem et al., 2005; Manna and Stocco, 2007, 2008). Therefore,
it appears that CREB and other bZIP members, such as AP-1 family members, serve in
modulating StAR promoter activity, and that the CRE2/AP-1 site plays a predominant role in
coordinating the functions of these transcription factors. In the ovary, the patterns of StAR
regulation suggested developmental controlled modes of StAR transcription, i.e. during
follicular phase cAMP/FSH signaling activates CREB-mediated StAR gene expression
which is cAMP/CREB independent upon luteinization associated with CREB to FRA-2
replacement and the requirement for C/EBPB and SF-1 that bind to the —117/-95 motif
(Yivgi-Ohana et al., 2008). Nevertheless, the inhibition of protein binding to CRE2/AP-1
DNA by Abs specific for c-Fos, Fra-2 and CREM1 supports the notion that AP-1 and
CREB/CREM proteins can form heterodimers (Hai and Curran, 1991; Chatton et al., 1994).
It is now generally accepted that AP-1 complexes are not limited to dimers consisting solely
of Fos and Jun, and these proteins are frequently known to dimerize with other bZIP proteins
(Hai and Curran, 1991; Chinenov and Kerppola, 2001). Just as with the CRE-binding
proteins, the increased diversity in AP-1 dimerization partners is thought to yield a greater or
more dynamic range of regulation for TRE-containing genes. While this appears to be the
case for the StAR promoter, it is likely more complex in that two additional putative AP-1
binding sites have been identified in the rat StAR promoter, where c-Fos was able to
diminish basal, cAMP and c-Jun mediated rat StAR gene transcription in Y-1 adrenocortical
cells (Shea-Eaton et al., 2002). Fos and Jun are known to have opposite effects on the
transcription of a number of genes including phosphoenolpyruvate carboxykinase (PEPCK)
(Gurney et al., 1992), gonadotropin-releasing hormone, and myogenic helix-loop-helix
(Gurney et al., 1992; Bruder et al., 1996). Nevertheless, studies have shown that repression
of the PEPCK gene by Fos does not require a consensus TRE but it does require an intact
DNA binding region and dimerization domain, and that it binds to the C/EBP protein family
(Gurney et al., 1992). In accordance with this, a similar overlapping region in the StAR
promoter has also been shown to bind C/EBPP (see below) (Silverman et al., 1999, 2006).

A functional comparison of Fos and Jun suggests that c-Jun is the most potent AP-1 family
member to trans-activate the StAR gene. Recently we observed that the c-Jun proto-
oncogene, but not other AP-1 factors, plays an essential role in PKC-mediated regulation of
StAR transcription and steroidogenesis in mouse Leydig cells (Manna and Stocco, 2008).
The loss of c-Jun in mice is embryonic lethal, with embryos dying between mid- and late-
gestation due to several tissue defects (Hilberg et al., 1993; Johnson et al., 1993). Studies
have shown that c-Jun containing tethered Fos dimers could efficiently bind to consensus
TRE, is recognized by appropriate Abs with a mobility shift similar to that of a mixture of
Fos and Jun, and have distinct promoter specificity and biological responses (Bakiri et al.,
2002; Manna and Stocco, 2007). Likewise, the tethered c-Jun~c-Fos has been demonstrated
to be the strongest activator of the human collagenase gene promoter, which possesses a
canonical TRE, followed by c-Jun~c-Fra-1, c-Jun~c-Fra-2, and c-Jun~ATF2 (Jonat et al.,
1992; Ito et al., 2001; Bakiri et al., 2002). In addition, c-Jun~c-Fos dimers have been shown
to prefer TRE like motifs while Jun~ATF2 complexes prefer CRE like motifs (Bakiri et al.,
2002). Since the CRE2/AP-1 region of the StAR promoter more closely resembles a
consensus TRE, it is likely that c-Jun~c-Fos and/or c-Jun~Fos (Fra-2) dimers play a more
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dominant role in regulating the transcription of the StAR gene, as opposed to a direct effect
of c-Jun alone (Manna et al., 2004, Manna and Stocco, 2008). Therefore, at the StAR
promoter it appears that, much like in other genes, the effects of Fos and Jun can be
mediated through binding sites closely related to the consensus AP-1/TRE (Hai and Curran,
1991; Rutberg et al., 1999).

and StAR gene transcription

The C/EBP family, a bZIP class of transcription factors, has been shown to play important
roles in regulating genes that control differentiation and function of multiple cell types
(Johnson and Williams, 1994; Lekstrom-Himes and Xanthopoulos, 1998; McKnight, 2001;
Roesler, 2001; Wilson and Roesler, 2002). The C/EBP family is comparable to other bZIP
proteins with respect to its modular organization. Members of the C/EBP family (C/EBPa.,
C/EBPB, C/EBPy, C/IEBPS (Ig/EBP), C/EBPe and C/EBPC (CHOP)) (Table 1) are highly
similar in their dimerization and DNA binding domains, but show significant variation in
both the structure and function of their trans-activation domains. C/EBPs bind with varying
affinities to a consensus site consisting of a dyad symmetrical repeat (A/GTTGCGC/
TAAC/T) (Osada et al., 1996; Grimm and Rosen, 2003). The C/EBP protein was initially
characterized based upon its ability to bind viral enhancer elements and was later identified
to bind to the CCAAT box element in different cellular promoters. C/EBPs mediate CAMP
responsiveness by indirect mechanisms since the cAMP-inducible domains of C/EBPs, with
the exception of C/EBP, lack a PKA phosphorylation site. The C/EBP isoform can be
phosphorylated within its bZIP domain, which alters its DNA binding activity (Roesler,
2001; Wilson et al., 2002). C/EBPs are expressed differentially in a number of tissues
including liver, adipose, lung, intestine, testis and ovary (McKnight, 2001; Wilson et al.,
2002; Ramji and Foka, 2002; Grimm and Rosen, 2003). Interestingly, C/EBPa and C/EBP
are expressed in steroidogenic cells, including Leydig and granulosa cells, where levels of
nuclear C/EBP have been shown to be increased by LH and cAMP analogs (Nalbant et al.,
1998; Piontkewitz et al., 1996; Silverman et al., 1999, 2006). In mice lacking either the C/
EBPa or the C/EBPP gene, ovarian development fails to occur in response to tropic
hormone, leading to reduced or halted ovulation and an inability to form the corpus luteum
(Piontkewitz et al., 1996; Sterneck et al., 1997). Three putative C/EBP binding sites have
been identified within the proximal —151/-1 bp region in the human and rodent StAR
promoters, and the roles of C/EBPa and C/EBP in cAMP-mediated regulation of StAR
gene transcription have been demonstrated (Reinhart et al., 1999; Silverman et al., 1999;
Christenson et al., 1999; Wooton-Kee and Clark, 2000; Tremblay et al., 2002; Silverman et
al., 2006). Notably, one of the C/EBP recognition motifs, (-81/-72 bp, TGACTGATGA)
that is known to bind C/EBP, overlaps with the CRE2/AP-1 site, and its disruption reduces
both basal and FSH-mediated StAR gene expression in rat granulosa cells (Silverman et al.,
1999). EMSA studies targeting the —81/-72 bp region illustrated that it bound C/EBP. The
requirement of C/EBP in luteal cells has recently been demonstrated to be associated with
StAR gene transcription in concurrence with cAMP independent signaling (Yivgi-Ohana et
al., 2008). In addition to C/EBP, studies have also revealed that two truncated forms of C/
EBPp lacking the N-terminal activation domain (Table 1), known as LAP (liver-enriched
activating protein) and LIP (liver-enriched inhibitory protein), were both up-regulated in
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response to FSH and immediately ahead of StAR expression (Silverman et al., 1999). In a
recent study, C/EBP has been shown to associate with the proximal, but not with the distal,
region of the StAR promoter and that treatment with prostaglandin E, increased the levels of
C/EBP bound to the StAR promoter /7 vivo (Hsu et al., 2008). Studies have demonstrated
that both the CREB/ATF and C/EBP family members can efficiently compete for binding to
the elements that show sequence similarity to either CRE or CCAAT motifs present within a
promoter, and direct the transcription of several genes (Bakker and Parker, 1991; Liu et al.,
1991; Wilson et al., 2002). In the case of the androgen-regulated C3 gene, CREB/ATF sites
have been demonstrated to compete with C/EBP protein that binds to a CCAAT box motif,
an observation in agreement with what has been shown to occur at the somatostatin
promoter ATF site (Zhang et al., 1990). Thus C/EBP may act either as a transcriptional
activator or may interfere with the activity of CREB and/or AP-1 family members bound to
a similar recognition site (Fig. 3); however, the incidence of the latter in StAR gene
transcription remains to be elucidated.

5. Phosphorylation of CREB/CREM, Fos/Jun and C/EBP and its relevance to
StAR gene expression

The transduction of signals via hormones and neurotransmitters is known to rapidly activate
adenylate cyclase, which in turn generates intracellular cAMP. The cAMP signaling pathway
has a profound impact in regulating a number of physiological processes by influencing
basic patterns of gene expression through stimulus-coupled transcription. The response to
cAMP at the genetic level is typically mediated through a palindromic conserved CRE
sequence found in the promoters of many cAMP-responsive genes (Montminy et al., 1986;
Meyer and Habener, 1993; Sassone-Corsi, 1995, 1998). As mentioned above, the StAR gene
lacks a consensus CRE even though it is regulated by cAMP-dependent mechanisms. One of
the first events regulating transcription factor activity is their translocation into the nucleus.
The phosphorylation status of a transcription factor can positively or negatively modulate its
sub-cellular localization as well as its DNA binding activity, both of which can dictate a
transcription factor’s subsequent interactions with the transcriptional machinery as well as
modulate potential enzymatic activity by influencing conformational changes. CREB/
CREM/ATF is activated by PKA, PKC, and other kinases, which phosphorylate the
transcription factors at specific residues within their N-terminal region, a domain common to
these activators known as either the P-box (phosphorylation box) or KID (kinase inducible
domain) (Fig. 2). A large variety of extracellular stimuli and environmental conditions have
been shown to induce phosphorylation of CREB at Ser133 (Johannessen et al., 2004).
Specifically, transcriptional increases of CREB and CREM are observed following the
phosphorylation of CREB341/327 at Ser133/119 or CREM at Ser117, events that are
indispensable for their interactions with CBP/p300 (Gonzalez and Montminy, 1989; Chrivia
etal., 1993; Kwok et al., 1994; Parker et al., 1996; Fimia et al., 1999; Clem et al., 2005;
Manna and Stocco, 2007). In Leydig and other steroidogenic cells, LH/hCG and cAMP
analogs are capable of increasing the phosphorylation of CREB in a time-dependent manner,
and this event is tightly correlated with the association of both phosphorylated CREB and
CBP with the proximal StAR promoter (Hiroi et al., 2004a; Clem et al., 2005; Manna et al.,
2006; Silverman et al., 2006; Manna and Stocco, 2007). More recently, the binding of
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CREB/CREM to the proximal StAR promoter following cAMP analog treatment, and the
subsequent recruitment of CBP, has been shown to be associated with histone modifications
(Hiroi et al., 2004a, 2004b; Clem et al., 2005; Manna and Stocco, 2007). Although the
phosphorylation of Ser133 is crucial for the activation of CREB, this single modification
alone is not sufficient to render the protein fully active, and typically a short region C-
terminal to the PKA phosphorylation site (140-DLSSD) is required for transcriptional
activation of CREB (Meyer and Habener, 1993; Sassone-Corsi, 1995, 1998; Bonni et al.,
1995; Johannessen et al., 2004). Compelling evidence for the role of CREB phosphorylation
by PKA is also seen /n vivo where transgenic mice expressing a non-phosphorylatable
mutant of CREB (termed CREB-M1, Ser!33— Ala substitution), suffer from somatotroph
hypoplasia and dwarfism (Struthers et al., 1991). Subsequently, expression of CREB-ML1 in
adrenal and gonadal cells has been shown to markedly diminish cAMP-induced StAR gene
expression (Manna et al., 2002, 2003a; Sugawara et al., 2006), suggesting that the
phosphorylation of CREB or a similar CRE-binding protein is required for the transcription
of the StAR gene. Additionally, CREB-M1 has been shown to be ineffective in inducing
somatostatin gene transcription and adversely affects survival in transfected F9
teratocarcinoma and rat granulosa cells, respectively (Gonzalez and Montminy, 1989;
Scobey et al., 2001). Recent studies have demonstrated that activating PKC with phorbol 12-
myristate 13-acetate is able to augment CREB phosphorylation at Ser133, which in turn
increases in trans-activation of the StAR gene (Jo et al., 2005; Manna et al. 2006). On the
other hand, conflicting reports on the phosphorylation of CREB at Ser142 are found in the
literature, demonstrating both positive (increasing the interaction with the CBP) and negative
(impairing the interaction with the CBP) effects on CREB activity (Sun et al., 1994; Wu and
McMurray, 2001). Nonetheless, the activation of CREB has been demonstrated to be
mediated by a large number of agents and/or signals (Johannessen et al., 2004), and the
results suggest that in addition to phosphorylation of CREB at Ser133, one or more events is
required for CREB to fully activate transcription.

The AP-1 transcription factors, Fos and Jun, are immediate-early response genes and
function to couple extracellular signals with cellular responses by influencing the expression
of target genes. It is important to note that members of the Fos and Jun proteins are
expressed and regulated in a cell type specific manner, suggesting different cells have a
complex mixture of AP-1 dimers with subtly discrete functions (Shaulian and Karin, 2001;
Wagner, 2001; Hess et al., 2004; Zenz et al., 2008). Regulation of AP-1 activity can be
dependent on the constituency of its dimers, which possess varying specificity, as well as
changes in the transcription of genes encoding Fos and Jun. AP-1 effects can be further
modulated by the interactions that can occur between AP-1 and other transcription factors
and cofactors (Hess et al., 2004). Post-translational processing of Fos and Jun has been
studied extensively and demonstrated that several Ser and Thr residues are substrates for
phosphorylation by PKA, PKC and also by kinases associated with mitogenesis,
differentiation, and neuronal excitation (Chen et al., 2001; Hess et al., 2004; Manna et al.,
2006; Manna and Stocco, 2007, 2008). In particular, Thr232, Thr325, Thr331, and Ser374
are phosphorylated in Fos, whereas Jun is phosphorylated at Ser63 and Ser73. Treatment
with a cCAMP analog or a growth factor has been demonstrated to increase the
phosphorylation of Ser63 of c-Jun and Thr325 of c-Fos, which are coordinately associated
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with StAR expression and steroidogenesis in mouse Leydig cells (Clem et al., 2005; Manna
et al., 2006; Manna and Stocco, 2007, 2008). In addition, PKC is also found to
phosphorylate c-Jun at Ser63 and results in increased transcription of StAR gene expression
(Manna and Stocco, 2008). The consequences of c-Jun and c-Fos phosphorylation that occur
in response to CAMP signaling are seen in the increased association between P-c-Jun/P-c-
Fos and CBP, and the resulting recruitment of this cofactor to the StAR promoter (Clem et
al., 2005; Manna and Stocco, 2007, 2008). Fos and Jun phosphorylation has also been
shown to alter the interaction with other transcription factor(s) affecting DNA binding and
dimerization (Hai and Curran, 1991; Masquilier and Sassone-Corsi, 1992; Hunter and Karin,
1992; Rutberg et al., 1999; Hess et al., 2004). Recent studies show that the interaction of c-
Fos/c-Jun with CREB on the CRE2/AP-1 site resulted in an inhibition of the CREB
responsiveness involved in StAR gene transcription (Manna and Stocco, 2007).
Nevertheless, the phosphorylation of Fos and Jun has also been demonstrated to be
associated with both the activation and inhibition of DNA binding and gene transcription,
indicating a complex relationship between phosphorylation and function (Boyle et al., 1991;
Baker et al., 1992; Abate et al., 1993).

The activation domain of C/EBP is also subjected to post-translational regulation. The
C/EBP proteins exert pleiotropic effects based on tissue and stage-specific gene expression,
and are able to interact with other transcription factors and coactivators (Johnson and
Williams, 1994; Reinhart et al., 1999; Christenson et al., 1999; McKnight, 2001; Tremblay
et al., 2002; Ramji and Foka, 2002; Silverman et al., 2006). Phosphorylation of Ser and Thr
residues by a number of kinases has been shown to regulate the ability of C/EBP proteins to
bind DNA as well as their capacity to induce gene transcription. Specifically, the
phosphorylation of Thr235, Ser105 and Ser276 by MAPK, PKC and Ca2*-calmodulin
dependent protein kinases, respectively, have been reported to influence the transcriptional
activity of C/EBPB (Zahnow, 2002; Ramji and Foka, 2002; Tang et al., 2005). Signaling
through cAMP is also capable of enhancing the phosphorylation of C/EBPp at Thr235, and
this event increases the association of C/EBP with the StAR promoter (Manna and Stocco,
unpublished observation). This suggests that phosphorylation of C/EBPp increases its DNA
binding activity and results in trans-activation of the StAR gene. It is noted, however, that
the phosphorylation and de-phosphorylation of C/EBP by growth hormones can
coordinately modulate both its transcriptional activity and DNA binding capacity (Piwien-
Pilipuk et al., 2002). Conversely, the trans-activation potential of C/EBP is repressed in
response to being phosphorylated at Ser240 by PKC (Trautwein et al., 1994). PKC also
phosphorylates C/EBPa at Ser248, Ser277, and Ser299 and results in a suppression of its
DNA binding activity (Mahoney et al., 1992; Ramji and Foka, 2002).

6. Dimerization of bZIP proteins and crosstalk in StAR gene regulation

As discussed above, CREB/CREM/ATF-1, Fos/Jun and C/EBP are three families of dimeric
transcription factors and each generally binds to a DNA sequence that is unique to each
family. Dimerization is mediated by a structure known as the ‘leucine zipper’, and
electrostatic interactions between amino acids along the dimerization interface can permit or
favor the formation of either homodimers or heterodimers (Meyer and Habener, 1993;
Deppmann et al., 2004; Vinson et al., 2006). The leucine zipper is typically composed of
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four to five heptad repeats of amino acids that are required to form a productive, coiled-coil
dimerization interface (Meyer and Habener, 1993; Poels and Vanden Broeck, 2004; Vinson
et al., 2006; Kehat et al., 2006). Analyses of the human genome have identified 53 genes that
contain bZIP motifs with the potential to form over 2700 dimers (Poels and Vanden Broeck,
2004; Vinson et al., 2006; Kehat et al., 2006). As such, many forms of CREB/ATF-1,
Fos/Jun and C/EBP have the potential to dimerize with either themselves or each other,
which can result in a continuum of transcription factors with varied activities (Hai and
Curran, 1991; Masquilier and Sassone-Corsi, 1992; Meyer and Habener, 1993; Millhouse et
al., 1998; Rutberg et al., 1999). Several examples of dimer combinations that are known to
form among CREB/CREM/ATF-1, Fos/Jun and C/EBPs are provided in Table 1. The
CRE/ATF (TGACGTGA) and AP-1/TRE (TGA(C/G)TCA) sequence motifs are two of the
major classes of regulatory elements that contribute to transcriptional regulation by
recruiting bZIP proteins in response to a variety of extracellular signals (Sassone-Corsi et
al., 1990; Hai and Curran, 1991; Montminy, 1997). The difference between the CRE and
AP-1 consensus sequences is only one nucleotide, and thus overlap and/or crosstalk can
occur affecting the versatility of the transcriptional response to signal transduction (Hai and
Curran, 1991; Masquilier and Sassone-Corsi, 1992; Millhouse et al., 1998; Rutberg et al.,
1999). Indeed, CREB/CREM/ATF-1, Fos/Jun and C/EBP families of proteins bind to an
overlapping motif in the StAR promoter, and confer the potential for multiple effects in
regulating transcription of the StAR gene (Manna et al., 2002, 2003a,b, 2004; Hiroi et al.,
20043a; Clem et al., 2005; Silverman et al., 2006; Sugawara et al., 2006; Manna and Stocco,
2007, 2008; Yivgi-Ohana et al., 2008). Several lines of evidence indicate that CRE DNA
binding proteins heterodimerize with Fos/Jun and repress AP-1 transcriptional activity
(Masquilier and Sassone-Corsi, 1992; Millhouse et al., 1998; Rutberg et al., 1999). On the
other hand, heterodimers formed between C/EBPs and CREB/ATF can bind to CRE site(s)
and activate transcription (Ross et al., 2001). We have recently demonstrated that CREB and
c-Fos/c-Jun can form heterodimers that bind to the closely related CRE2/AP-1 sequence
with an altered DNA binding affinity that results in the repression of StAR gene
transcription (Manna and Stocco, 2007). It has been demonstrated that bZIP heterodimers
have distinct binding activities and functional specificities than those of their parental
homodimers, and that they can bind to related CRE and/or AP-1 site depending on the dimer
composition (Hai and Curran, 1991; Masquilier and Sassone-Corsi, 1992; Millhouse et al.,
1998; Ross et al., 2001; Ramji, 2002 #1400). Whereas CREB/ATF and C/EBP and/or
Fos/Jun and C/EBP dimers influence transcription of many genes, the role of these events in
the regulation of StAR gene expression requires further investigation (Fig. 3).

Previous studied have indicated that CREB/CREM, steroidogenic factor 1 (SF-1), GATA-4,
C/EBP and Fos/Jun binding following cCAMP analog treatment occurred in parallel to the
association of CBP with the proximal StAR promoter (Hiroi et al., 2004a; Clem et al., 2005;
Silverman et al., 2006; Manna and Stocco, 2007). Consequently, the simultaneous
interactions of one or more of these factors are involved in trans-activation of the StAR gene.
However, competition for CBP binding by CREB and c-Fos/c-Jun and the resulting
repression of the StAR gene suggest the involvement of similar regulatory events in diverse
physiological responses that require stimulus-transcription coupling (Manna and Stocco,
2007). Regulation of the transcriptional machinery involves the interaction of multi-protein
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complexes, including enhanceosomes and coactivators. In addition to phosphorylation,
protein-protein interactions of non-bZIP factors with bZIP dimers have also been reported to
regulate their trans-activation potential and DNA binding activity. This appears particularly
important at the StAR promoter where studies have shown that the AP-1 family of proteins,
especially c-Fos and c-Jun, can interact with SF-1 and GATA-4 to control StAR gene
transcription (Shea-Eaton et al., 2002; Manna et al., 2004). C/EBPB and GATA-4 are known
to cooperate and interact both /n vitroand /n vivo, and this interaction results in a synergistic
activation of the mouse StAR promoter (Silverman et al., 1999; Tremblay et al., 2002;
Silverman et al., 2006). Furthermore, SF-1 can physically interact with C/EBP, Sp1 and
CREB/CREMT in regulating the expression of the StAR gene (Reinhart et al., 1999;
Sugawara et al., 2000; Wooton-Kee and Clark, 2000; Manna et al., 2003a, 2004). Therefore,
a multiplicity of transcription factors binding in concert to most, if not all, of the cis-
elements of the StAR gene are responsible for fine-tuning the regulatory events associated
with StAR gene transcription.

7. CBP/p300 and StAR gene transcription

CBP and its functional homolog p300, are transcriptional coactivators, which harbor
multiple functional domains, possess HAT activity, and are known to participate in the
activities of hundreds of different transcription factors (Kwok et al., 1994; Bannister and
Kouzarides, 1995; Arias et al., 1994; Bannister et al., 1995; Vo and Goodman, 2001). The
activation of second messenger pathways trigger the phosphorylation of sequence-specific
transcription factors, which can then bind and recruit CBP/p300 (Parker et al., 1996;
Fronsdal et al., 1998; Ray et al., 2002; Kovacs et al., 2003). A prime example of this,
mentioned in part above, is the ability of CREB to interact with CBP when phosphorylated
at Ser133 (Kwok et al., 1994; Chrivia et al., 1993; Parker et al., 1996; Goodman and Smolik,
2000). CBP/p300 do not bind to DNA but rather act as a bridge between the sequence-
specific transcription factors and the general transcriptional machinery to promote
transcriptional activation (Goodman and Smolik, 2000; Vo and Goodman, 2001). CBP/p300
possess PKA consensus sites and their phosphorylation by PKA has been proposed to be
involved in regulating their functions. Studies have demonstrated that CBP/p300 play
integral roles in transcriptional regulation of the StAR gene (Fig. 4). In steroidogenic cells,
cAMP analog induced phosphorylation of CREB at Ser133, c-Jun at Ser63, and c-Fos at
Thr325 was demonstrated to enhance the association and recruitment of CBP/p300 to the
proximal StAR promoter (Hiroi et al., 2004a; Clem et al., 2005; Silverman et al., 2006;
Manna and Stocco, 2007). Similarly, treatment with cAMP analog results in the
phosphorylation of C/EBP at Thr 325 and increases the association of C/EBP to the
proximal StAR promoter (Tremblay et al., 2002). Therefore, in addition to CREB/CREM,
Fos/Jun and C/EBP, other factors that are bound to the proximal region of the StAR
promoter and phosphorylated in response to CAMP signaling (for example, SF-1, GATA-4)
may also enhance CBP/p300 recruitment to the StAR promoter. In accordance with this,
CBP/p300 have been shown to increase the effects of C/EBPP and GATA-4 on StAR gene
expression (Silverman et al., 2006). It has been reported that DNA binding factors that
utilize CBP/p300 as coactivators may function either cooperatively or antagonistically
depending upon the identity and conformation of complexes bound to the composite element
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(Kamei et al., 1996; Blobel et al., 1998; Vo and Goodman, 2001; Silverman et al., 2006;
Manna and Stocco, 2007). It was also shown that overexpression of CBP/p300 was able to
potentiate the activity of CREB, Fos/Jun, C/EBPB and GATA-4 in StAR gene transcription,
an event that was attenuated by the adenovirus ELA oncoprotein (Silverman et al., 2006;
Manna and Stocco, 2007). Thus, CBP/p300 appear to act as integrators with respect to their
role in modulating CREB, Fos/Jun, C/EBPf and GATA-4 mediated StAR gene transcription
in the face of activation of diverse signaling pathways. In support of this, CREB and Fos/Jun
were found to compete with each other for limiting amounts of intracellular CBP, resulting
in the repression of the StAR gene. Furthermore, the interference in transcriptional crosstalk
between nuclear receptors and AP-1 has been demonstrated to be associated with relatively
low levels of CBP/p300 in different cells (Kamei et al., 1996; Fronsdal et al., 1998). The loss
of a single CBP allele, as seen in the human Rubinstein-Taybi syndrome, results in severe
developmental defects, illustrating that a small decrease in the concentration of CBP can be
deleterious (Petrij et al., 1995). E1A has been shown to be a potent inhibitor of CBP/p300
HAT activity and binds to the same cystein/histidine-rich domain through which several
other key regulatory proteins interact (Perissi et al., 1999; Ray et al., 2002; Vo and
Goodman, 2001). It is likely that E1A inhibits CBP/p300 and subsequently represses StAR
gene transcription either by preventing the HAT activity of CBP/p300, and/or by inhibiting
the interaction of CBP/p300 with other transcription factors or with the basal transcriptional
machinery.

8. Conclusions

The cAMP signal transduction pathway regulates a number of physiological processes by
directing the activation and DNA-binding capacities of CAMP-responsive transcription
factors. In eukaryotes, the dimerization of transcription factors serves as a fundamental
mechanism for defining the specificity of DNA-binding and modulating the transcriptional
activity of the genes to which these proteins bind. The vast majority of research has focused
on the nuclear transcription factors from the bZIP family and underscores the pivotal roles
these genes play, and the wide breadth of biological functions that these proteins have on
development, differentiation, tumor progression, metabolism, circadian rhythm, learning,
memory and stress. The synthesis of steroid hormones is effectively governed by regulating
the expression of StAR, thus, it is not surprising that the StAR gene is under extensive
regulation by bZIP transcription factors. Considerable progress has been made towards
defining the specific bZIP proteins that regulate the StAR gene, elucidating the regions of
DNA through which these proteins mediate their effects and on correlating the effects of
these transcription factors with the regulatory events observed in StAR gene transcription. It
is now evident that in the StAR promoter the CREB/CREM/ATF-1, Fos/Jun, and C/EBP
(especially C/EBPp) families of proteins can bind to a single sequence composed of
overlapping recognition sites and that this complex interplay serves a key role in the cAMP-
mediated regulation of StAR gene transcription. The involvement of coregulator(s) in the
activities of several transcription factors, associated in StAR gene expression, is beginning to
come into focus, although much remains unknown. Molecular events directing CREB/
CREM, Fos/Jun, and C/EBP binding to a single cis-element in the StAR promoter and the
concurrent cofactor recruitment provide insights into the convergence of multiple signaling
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pathways in the regulation of StAR expression. Notably, tissue- and cell-specific abundance
of these transcription factors likely have an impact on the transcriptional machinery. Thus,
additional studies revealing the biochemical and functional characteristics of these bZIP
proteins will further enhance our understanding of the hormonal regulation of StAR gene
transcription.
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Fig. 1.
Schematic model of the bZIP motif bound to double stranded DNA. The DNA is in red,

while bZIP a-helices are in blue and the leucines of their heptad repeats is in grey (diagram
revised and reprinted with permission, Vinson et al., 2006).
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Fig. 2.
Schematic representations of the CREB/CREM/ATF-1, Fos and Jun, and C/EBPp proteins.

These families of proteins are characterized by a highly conserved bZIP DNA binding
domain consisting of basic region (BR) and leucine zipper (LZ). Two glutamine rich regions
Q1 and Q2 for CREB, CREM and ATF-1 are labeled along with the phosphorylated region/
kinase inducible domain (P-Box/KID). Phosphorylation of Ser133 and Ser117, in CREB and
CREM respectively, turns them into powerful activators through interaction with CBP.
Ser142 in CREB attenuates its activity. The Fos and Jun proteins possess several domains
including the bZIP domain, transactivation domains and docking sites for several kinases.
The regions rich in prolines (P), prolines and glutamines (P-Q), prolines and glycines (P-
G), and threonines (S) in Fos and Jun are labeled. Structure of the C/EBP protein indicating
different regions (AD, activation domain; RD, repression domain) is provided. All of these
bZIP proteins can be phosphorylated on several Ser and Thr residues by multiple kinases;
however, only selected phosphorylation sites are illustrated in the diagrams. Numbers
indicate the approximate positions of amino acids in the proteins; note that protein structures
are not drawn to scales.
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Fig. 3.

Proposed models of CREB, c-Fos/c-Jun, C/EBP, or CREB and c-Fos/c-Jun interactions on
a single cis-element known to coordinate both the positive and negative regulation of StAR
gene transcription. Three different families of proteins have been shown to bind to a motif,
labeled as CRE2/AP-1/C/EBPB (—81/-72), which displays overlapping similarity to
multiple consensus binding sites. Crosstalk of CREB and c-Fos/c-Jun at the —81/-72 site
results in trans-repression of the StAR gene due to competition of these factors with limiting
amounts of intracellular CBP. The functional cooperation, interaction and/or inhibition of
CREB-C/EBPp or Fos/Jun-C/EBP at the same site, is not currently known.
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Fig. 4.

A%nodel illustrating the involvement of CBP/p300 function as a cointegrator of different
signaling. The interaction of LH/ACTH with specific receptors results in the activation of G
proteins (G), which in turn activate membrane associated adenylyl cyclases (AC) that
catalyzes cCAMP formation from ATP. cAMP then activates PKA which results in the
phosphorylation of transcription factors regulating StAR gene expression. Activation of the
PKC pathway results in an increase in the transcription and translation of StAR. Growth
factors and peptide hormones bind to specific membrane receptors and can stimulate the
steroidogenic response via different signaling pathways. cAMP and/or different factors are
capable of activating a cascade of protein kinases including Raf/Ras or related kinases
leading to the ERK/MAPK pathway that phosphorylates different transcription factors.
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Trans-activation of the StAR gene requires simultaneous interaction of CREB/CREM,
Fos/Jun and C/EBPp to the CRE2/AP-1/C/EBPP overlapping site in the StAR promoter.
cAMP-dependent PKA, PKC and other kinases phosphorylate these bZIP proteins, and the
subsequent activation of these factors lead to the recruitment of CBP/p300 to the StAR
promoter. CBP/p300 act as bridging proteins between the transcription factors and the
general transcription machinery, and thus enhance the transcriptional activation of the StAR
gene.
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Transcription of the StAR gene involves three bZIP families of proteins. Formation of selective dimers among

these family members is listed.

BZIP factors CREB/CREM/ATF Fos/Jun C/EBP
Families CREB c-Fos, Fos B, Fra-1, and Fra-2 C/EBPa
CREMa, B, v, T ¢-Jun, Jun B, and Jun D C/EBPB (NF-IL6), LIP, LAP

ATF-1, ATF-2 (CRE-BP1), ATF-3, ATFa

Dimers CREB:CREB Fos:Jun
CREB:CREM Jun:Jun
CREB:ATF-1 c-Jun:c-Fos
CREM:CREM c-Jun:ATF-1
ATF-1:ATF-1 c-Fos:ATF-4

Target elements TGACGTCA TGA(C/G)TCA

C/EBPy (Ig/EBP1)
CIEBPS

C/EBPe (CRP-1)
C/EBP(, (CHOP-10)

CIEBP
C/EBP:Ig/EBP1
1g/EBP1
CIEBPP:CIATF
C/EBPB:CHOP-10

A/GTTGCGC/TAACIT
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