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Abstract  StAR, the Steroidogenic Acute Regulatory protein, was named for its 
critical role in the acute regulation of steroid hormone biosynthesis in the adrenal 
and gonads following tropic hormone stimulation. StAR synthesis is required for 
the first and rate-limiting step in steroid hormone biosynthesis, cholesterol trans-
port into mitochondria. It was a long journey to finding the acute regulator of ste-
roidogenesis, and this chapter provides a historical and personal account of this 
journey from the perspective of Dr. Douglas M. Stocco. Over the past two decades, 
we have gained significant insight into the mechanisms that regulate StAR expres-
sion, and into StAR structure and function. This chapter also provides a summary 
of the literature that has led to our current understanding of the cyclic adenosine-
3′,5′-monophosphate (cAMP)-protein kinase A-dependent mechanisms that control 
StAR expression at the transcriptional and post-transcriptional levels in steroido-
genic tissues.

Abbreviations

AC	 adenylyl cyclase
ACTH	 adrenocorticotropic hormone
AMP	 adenosine-3′,5′-monophosphate
AP-1	 activator protein 1
AURE	 adenosine-uridine-rich destabilizing element
Bt2cAMP	 N6,2′-O-dibutyryl-adenosine-3′,5′-monophosphate
bZIP	 basic leucine zipper
cAMP	 cyclic AMP
CBP/p300	 CREB-binding protein
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C/EBPβ	 CCAAT enhancer-binding protein-beta
COUP-TF	� chicken ovalbumin upstream promoter transcription factor I 

and II
CREB	 cyclic-AMP responsive element-binding protein
CREM	 CREB modulator protein
CRH	 corticotropin hormone
DAG	 diacylglycerol
DAX-1	� dosage sensitive sex reversal-adrenal hypoplasia congenital 

gene on the X chromosome gene 1
ER	 endoplasmic reticulum
FSH	 follicule stimulating hormone
GnRH	 gonadotropin-releasing hormone
IP3	 inositol 1, 4, 5 trisphosphate
LH	 luteinizing hormone
NPC	 Niemann Pick type C
NUR77/NGFI-B	 nerve growth factor induced-B
PAP7	 TSPO associated protein 7 (ACBD3)
PIC	 preinitiation complex
PKA	 protein kinase A
PKC	 protein kinase C
Poly(A)	 polyadenylation site
RNAPII	 ribonucleic acid polymerase II
SF1	 steroidogenic factor 1
StAR	 steroidogenic acute regulatory protein
START	 StAR-related lipid transfer domain
TSPO	 18 kDa translocator protein
TSS	 transcription start site
UTR	 untranslated region
VDAC1	 voltage-dependent anion channel

Introduction

StAR Perspectives: A History of the Discovery of StAR  
by Douglas M. Stocco

I would first of all like to point out that this narrative is being written from strictly 
a personal viewpoint. I cannot speak for what others were thinking during the past 
two to three decades with regards to the search for the putative regulator of acute 
steroidogenesis, so I will not try to do so. I came into the search for this regulator 
from a rather circuitous route and I will try to provide you with the events of how 
that took place in our laboratory. As such, I hope that you will understand that my 
position is certainly not to slight the accomplishments of others but merely to point 
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out that I am not speaking for the entire field, but rather, only for myself and the 
members of our laboratory.

Some of the first observations on the production of steroids in response to tro-
phic hormone treatment occurred in the laboratory of Oscar Hechter who studied 
the production of steroids in response to ACTH stimulation in perfused adrenal 
glands [1–4]. Following those early observations, James Ferguson’s laboratory be-
came engaged in similar studies [5, 6] and wrote in an article in The Journal of 
Biological Chemistry in 1963 “of the several possible explanations for the observed 
effects of puromycin, the most provocative, but the most difficult to prove is the 
idea that a specific protein must be synthesized in order for the adrenal to increase 
steroid output.” It was these words that seemed to sum up the problem at hand in un-
derstanding how the acute biosynthesis of steroids was regulated. Between Fergu-
son’s early experiments and observations and those that followed by Garren [7–9]; 
Davis [10, 11]; Hall [12–15]; Brownie [16, 17]; Jefcoate [18–21]; Farese [22–26]; 
Boyd [27–31]; Koritz [32, 33]; Cooke [34–37]; and others, a generalized descrip-
tion of the characteristics of the protein predicted by Ferguson began to arise. It 
was thought that the putative protein was a trophic hormone-induced, rapidly syn-
thesized, cycloheximide-sensitive protein that had a short half life and was thought 
to function by mediating the transfer of the substrate for all steroid hormones, cho-
lesterol, from the outer to the inner mitochondrial membrane where it would be 
converted to pregnenolone by the cholesterol side-chain cleavage enzyme system 
that resided in the mitochondria.

Personally, I was not trained in the field of steroidogenesis nor was I trained in 
reproductive biology, but would soon have to learn something about both of these 
disciplines. I began working in the field of reproductive biology while engaging 
in collaborative studies with my colleague, Jim Hutson. Together, Jim and I were 
able to secure funding from the National Institutes of Health (NIH) and National 
Science Foundation (NSF), something that I had not been able to do on my own. I 
was interested in mitochondrial biogenesis but had difficulty in convincing the NIH 
of the virtues of studying how this fascinating organelle replicated itself in cells. In 
reading the literature on adrenal and gonadal steroidogenesis, I learned that a key 
step in the biosynthesis of steroids occurred in the mitochondria. In reading the 
works of those individuals named above, I thought that I might be able to parlay 
my keen interest in mitochondria into a new direction in which I might have better 
luck. During the course of my reading, I learned that new protein synthesis played 
a very important role in the regulation of the biosynthesis of steroids and that mi-
tochondria were intimately involved in this regulation as well. I also learned that a 
number of investigators had sought this putative newly synthesized regulator, but 
that no definitive proof of its identity existed. Having run many 1-D electrophoresis 
gels and staining them with coomassie blue, I felt that finding a protein that might 
be present in trace amounts probably could not be done using this technology. An 
approach that would separate proteins to a greater extent and utilized a more sen-
sitive detection method would probably be needed if the identity of this protein 
were to be uncovered. This approach had yielded positive results in studies by Nan 
Orme-Johnson and her colleagues who demonstrated the rapid synthesis of a series 
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of phosphoproteins in response to ACTH stimulation of adrenal cells in culture by 
labeling the cells with 35S-methionine and separating them on 2-D polyacrylamide 
gel electrophoresis (PAGE) [38–45]. This turned out to be the first demonstration 
of the protein that was later cloned in our laboratory, but I must sadly admit to not 
being aware of her elegant work at the beginning of my own work.

At about the time when I was planning to work on this project, I wondered if 
it would it be possible to use 2-D PAGE followed by sensitive silver staining to 
demonstrate the presence of proteins in stimulated steroidogenic cells that were 
not present in unstimulated cells, and thus give us a clue to the identity of the pu-
tative regulatory protein. We began these studies in my laboratory using primary 
cultures of rat Leydig cells that we isolated using commonly accepted methods. 
A great number of protein “spots” were detected on the gels and we attempted to 
search for differences between unstimulated and stimulated cells that would ap-
pear rapidly and be consistently reproducible. This, we were unable to do, despite 
many attempts. While we thought we had candidate proteins, our results were not 
consistent, and obtaining sufficient numbers of Leydig cells was proving to be time-
consuming and costly.

In 1981, Mario Ascoli published a manuscript in which he described the isolation 
of several clonal lines of Leydig cells from the M5480P tumor [46]. One of these 
lines, the MA-10 cell line had functional hormone/chorionic gonadotropin (hCG) 
receptors and produced copious amounts of steroid in response to hCG, cholera 
toxin, and 8-Br-cAMP. This cell line seemed to be an ideal tool with which to con-
tinue our studies on the search for the regulator. Mario was most generous in sharing 
this cell line with us and we began to shift our efforts from primary cells to Leydig 
tumor cells. We found that the cells grew well in our hands and produced high levels 
of progesterone (due to a lack of cytochrome P450 17A1, CYP17A1) in response to 
stimulation. We also saw that they synthesized very low basal amounts of steroid in 
the absence of stimulation, another perceived advantage for us since the acute regu-
lator may be present in small amounts without stimulation and in high amounts fol-
lowing stimulation. We reasoned that this might allow us to see differences between 
unstimulated and stimulated cells more clearly. We began these studies still utiliz-
ing 2-D PAGE and silver staining but the results we obtained remained equivocal 
and unsatisfactory, not allowing us to make any definitive statements concerning a 
potential acute regulator. We decided to shift from the use of silver staining to auto-
radiography as a detection method with the rationale that the putative regulator was 
newly synthesized and therefore may be radiolabeled to a higher degree than other 
proteins following stimulation. We tried labeling the cells first using a 3H-amino 
acid mixture and then 14C-leucine. Again, these approaches were not satisfactory. 
It was around that time that I became aware of the Orme-Johnson approach and we 
decided to utilize incubation in 35S-methionine as a labeling procedure. It did not 
take too long to observe in stimulated MA-10 cells the proteins that we referred 
to as the 30 kDa proteins and which were, in all probability, identical to the pro-
teins that Orme-Johnson had seen earlier in cultured adrenal cells. In the middle 
of these studies, I took a sabbatical leave in Holland in 1986 and joined Henk van 
der Molen’s group at Erasmus University in Rotterdam. I did not work on the acute 
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regulator while in Holland but did manage to learn a lot about male reproduction 
as the entire group in Rotterdam focused on this topic. I worked most closely with 
Focko Rommerts who had a great deal of experience in steroidogenesis and was 
quite familiar with the problem that I was trying to solve. We had many discussions 
concerning this topic and readily agreed that this was a difficult problem and that I 
would probably not be successful in solving it.

Upon returning to Texas, I began to work on the acute regulator once again. Our 
methodological approach was working well and we were readily able to reproduce 
the appearance of the 30 kDa proteins on 2-D gels and because of the purchase of a 
new computer-assisted imaging system, we were also able to accurately quantitate 
the proteins under many differing experimental conditions. We used this approach 
to do a series of experiments over the next several years to demonstrate that the 
30 kDa proteins were induced by trophic hormone and cAMP analog, were rapidly 
synthesized in response to stimulation, were cycloheximide sensitive, were dose 
and time responsive to stimulation, and were localized to the mitochondria, the site 
of the regulated step [47–52] (Fig. 2.1). We also learned, at about the same time 
that the Orme-Johnson laboratory did, that the 30 kDa proteins were derived from 
a larger 37 kDa precursor much the same as many other mitochondrial proteins are 

Fig. 2.1   Detection of the 30 kDa StAR protein by 35S-methionine labeling and 2-D-PAGE. MA-10 
mouse Leydig tumor cells were treated for 6  h with serum-free media containing 35S-methio-
nine in the absence (control) or presence of the cAMP analog dibutryl-cAMP (Bt2cAMP, 1 mM). 
Mitochondria were isolated and the proteins separated by 2-D-SDS-PAGE. Shown are typical 
fluorograms of radiolabeled “spots on a gel” from this type of experiment. The arrows labeled 
1–4 indicate the position of the StAR spots. The 30 kDa protein spots 1–4 appeared after cAMP 
treatment and correlated with steroid output (see text). Treatment of the isolated mitochondria with 
alkaline phosphatase (AP) resulted in loss of proteins 3 and 4 and recovery of radiolabel in protein 
spots 1 and 2. These data support that StAR is a phosphoprotein. Western blot analysis was used 
and confirmed that the protein spots 1–4 were StAR protein. StAR steroidogenic acute regulatory 
protein, cAMP cyclic adenosine-3′,5′-monophosphate
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derived, having an N-terminal targeting sequence that was removed during import 
into the mitochondria [39, 52]. All of the experiments that we performed were sup-
portive of the idea that these proteins might be involved in the acute regulation of 
steroidogenesis, but as I was so abruptly reminded by a colleague upon giving a 
talk at the European Testis Workshop one year, “yes Doug, but they are just spots.” 
Of course, we understood that correlations do not provide proof of anything and 
that we needed a cause and effect relationship between the 30 kDa mitochondrial 
proteins and steroid synthesis in order to convince anyone that these proteins were 
involved in the acute regulation of steroid biosynthesis. It was clear that running 
a hundred or a thousand more 2-D gels that supported our hypothesis would not 
provide the proof we needed, so we began to think about cloning the complemen-
tary deoxyribonucleic acid (cDNA) for this protein. I say this protein because at 
this time, we knew that while there were 4, 30 kDa “spots” on the gels, these spots 
were in fact modifications of the same protein and thus were one gene product. This 
would ostensibly make our task a bit easier, though still difficult.

I personally had no formal training in molecular biology and therefore the task 
of cloning this cDNA seemed daunting to me. I considered spending some time in 
Dallas where I was offered space in Evan Simpson’s laboratory at the University of 
Texas Southwestern Medical Center, where I could work with my former student, 
Mike Kilgore, and learn the art of cloning and see if we could clone the cDNA for 
this protein. At that time, one of the most fortuitous and important things in my ca-
reer happened. Barbara Clark had agreed to join my laboratory in 1992, just having 
finished her Ph.D. in Mike Waterman’s laboratory at UT Southwestern in Dallas. 
Barbara was very well versed in all of the methodology that would be required to 
clone the cDNA for this protein. We talked about the project and she agreed to tackle 
it head on. It was an extremely difficult project as this work was performed prior to 
mass spectrometry and Matrix Assisted Laser Desorption Ionization Time-of-Flight 
(MALDI-TOF) and the fact that this protein represented approximately 0.2 % of the 
total cell protein and 0.7 % of the mitochondrial protein (as we later determined). 
Barbara diligently tried to purify the protein using fast protein liquid chromatogra-
phy (FPLC). As we had no assay that we could utilize on the fractions collected, she 
attempted to “find” the protein by running mini 2-D gels on each of the eluted frac-
tions, an unbelievable effort when you think about it. FPLC proved to be unsuccess-
ful and Barbara then went through the arduous process of preparing mitochondrial 
mitoplasts, solubilizing the protein, running prep gels, cutting out the 28–32 kDa re-
gions of the gels, extracting the proteins from these gels, concentrating the proteins, 
and running these concentrates on 2-D gels followed by silver staining to visualize 
the 30 kDa proteins. Then the proteins were carefully excised from the gels and 
retained until sufficient amounts of protein were obtained for microsequencing by 
the Harvard Microchemical Facility. The facility indicated to us that approximately 
100 pM would be required for sequencing and approximately twice this amount 
was sent to them. Tryptic digestion of the 30 kDa protein, high-performance liq-
uid chromatography (HPLC) separation of digested protein into separate peaks and 
sequencing of three of these peaks produced sequences of 19, 13, and 12 amino 
acids. With this information, degenerative nucleotides of 17–24 bases long were 
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synthesized and used to amplify the 30 kDa cDNA from a cDNA library using poly-
merase chain reaction (PCR). This resulted in a 400 base pair product that in turn 
was used to probe the cDNA library once again. This probe resulted in the isolation 
of a 1,456 base pair full-length cDNA clone that when sequenced was found to 
represent a novel cDNA. The open reading frame of this cDNA was found to be 852 
base pairs in length and coded for a protein that was 284 amino acids in length that 
also proved to be a novel sequence. A number of steps were taken to assure that the 
correct cDNA had been cloned with perhaps the most definitive proof being that the 
open reading frame contained the exact same sequences that were provided to us by 
the Harvard Facility. While this all sounds very straight forward, I can assure you it 
was anything but that, as we encountered a number of starts and stops all along the 
way during these efforts, just as all laboratories do.

We were now at last in a position to determine if a cause and effect situation 
existed for this protein. Barbara cloned the cDNA for the 37 kDa precursor protein 
into a pCMV expression vector and transfected this vector into unstimulated MA-
10 cells and compared steroid synthesis to empty pCMV-transfected cells. Expres-
sion of the 37 kDa/30 kDa protein resulted in a twofold to fourfold increase in pro-
gesterone production in the absence of hormone stimulation, and thus provided the 
cause and effect observation that was required to demonstrate the function of this 
protein. We strongly felt that this was the evidence that we needed to convince the 
scientific community that this protein functioned as the acute regulator of steroid 
hormone biosynthesis that had long been sought. We named the protein StAR, for 
Steroidogenic Acute Regulatory protein. During the course of these experiments, 
other individuals in my laboratory added significant observations to this story. Ste-
ven King performed in vitro transcription and translation of the 37 kDa cDNA and 
showed that this resulted in the synthesis of all 4 forms of the 30 kDa protein, a 
strong supporting piece of information [53]. Jeff Wells, a technician in our labora-
tory, worked tirelessly in growing and harvesting MA-10 cells that were needed for 
the isolation of the 30 kDa proteins. This was a team effort that culminated with the 
publication describing the purification, cloning, and expression of the StAR protein 
in the November 1994 issue of The Journal of Biological Chemistry [53].

Earlier in 1994, I met Jerry Strauss from the University of Pennsylvania, at a 
meeting in the UK. I was discussing some of our results with Jerry and eventually 
the discussion came around to the enigma of searching for the cause of the disease, 
lipoid congenital adrenal hyperplasia (lipoid CAH). Lipoid CAH results from an 
almost complete inability of the afflicted patients to synthesize steroid hormones. 
Lipoid CAH was originally thought to be a result of a mutation in the CYP11A1 
gene, but this proved to be incorrect once the human gene was cloned and later se-
quenced from the tissue of patients having this disease [54]. Similarly, other protein 
candidates were discounted as the cause of lipoid CAH. We felt that malfunction 
of the 30 kDa protein that we were working on could be a candidate for causing 
lipoid CAH. We then sent the 400 bp cDNA fragment to Jerry and his laboratory 
was able to clone the human cDNA counterpart of the StAR gene. The information 
that resulted from cloning and sequencing the human StAR cDNA was sent to an-
other colleague, Walter Miller at the University of California, San Francisco. Walter 
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had access to human tissue (testicular tissue) from patients who had been diagnosed 
with lipoid CAH. Using the sequence information he received from Jerry, Walter’s 
laboratory was able to clone the StAR cDNA from lipoid CAH tissue. The first four 
clones that Walter’s lab isolated and sequenced from lipoid CAH patients had muta-
tions in the StAR cDNA. Cloning these mutated cDNAs into expression vectors and 
expressing them in COS-1 cells, transfected with the cholesterol side-chain cleavage 
enzyme system, indicated that these mutated StAR cDNAs could not support steroid 
synthesis while control StAR cDNAs could. In essence, nature had provided a StAR 
knockout and its phenotype proved that StAR was an essential element for acute 
steroid biosynthesis. These elegant and important results support the role of StAR 
and also provided unequivocal evidence for the cause of lipoid CAH. These results 
were published in Science in the spring of 1995 [55]. The human StAR mutation 
findings were corroborated in 1997 with the Proceedings of the National Academy 
of Sciences USA (PNAS) publication of the phenotype of the mouse StAR knockout 
by Keith Parker’s laboratory [56]. The mouse phenotype essentially mirrored the 
human phenotype and thus, a rodent lipoid CAH model became available for further 
study. Since that time, less severe mutations in the StAR gene as well as mutations 
in the CYP11A1 gene have been identified in patients with lipoid CAH [55, 57–59].

These are the best recollections of the history of the discovery of StAR that I have 
as they pertain to my own laboratory. In a narrative such as this, it is impossible to 
chronicle each of the individual contributions made to this story and I apologize for 
leaving out the names of individuals who have so contributed. Individual contribu-
tions can, of course, be gleaned from the publications that have chronicled this 
series of investigations. As of this writing, more than 1730 manuscripts have been 
published that were identified using “steroidogenic acute regulatory” as a probe on 
PUBMED. Last, but certainly not the least, I would like to acknowledge the support 
of the National Institute of Child Health and Human Development (NICHD) of the 
NIH and the Robert A. Welch Foundation for making this work possible.

StAR (STARD1) Overview

Over a 20-year span (1994–2014), the biochemical and genetic data on StAR has 
confirmed its essential role in cholesterol transfer into mitochondria and in control-
ling steroidogenesis (reviewed in [60]). Of particular importance was the finding 
that mutations in the hSTARD1 gene are the most common basis for lipoid CAH, 
as discussed above [55, 61]. The mechanism of cholesterol transport by StAR and 
lipoid CAH is the topic of Chap. 4 so we will only briefly summarize StAR protein 
function. StAR is a nuclear gene that encodes a protein that is synthesized in the 
cytoplasm as a precursor protein with an amino-terminal domain characteristic of 
a mitochondrial targeting sequence; e.g., a predicted amphipathic helix commonly 
found in matrix localized proteins [53]. Mitochondrial import and processing of the 
newly synthesized 37 kDa precursor StAR produces a 32 kDa intermediate product 
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and a mature 30 kDa matrix localized form (reviewed in [60]). The current model 
for StAR function is that StAR is active on the cytosolic side of the outer mitochon-
drial membrane and that import and processing “inactivates” StAR. The inactiva-
tion is a consequence of localization of StAR to the interior of the mitochondria 
rather than a loss of cholesterol binding and function. Indeed, key studies showed 
that in the absence of the N-terminal mitochondrial targeting sequence, StAR is 
composed solely of a START domain that does not get processed yet is capable 
of binding cholesterol and facilitating cholesterol transport across mitochondrial 
membranes [62]. Therefore, the import and processing of StAR by mitochondria 
is proposed to be an “off” switch for cholesterol transfer and thus steroidogenesis. 
However, studies from StAR knockout mice and StAR transgenic animals implicate 
that in vivo the targeting of StAR to mitochondria may be important for efficient 
cholesterol transfer and steroid production. StAR knockout mice accumulate signif-
icant amounts of cholesterol in the adrenals and gonads and the animals die shortly 
after birth due to the absence of adrenal hormones [63]. Lipid accumulation was 
attenuated and adrenal and gonadal steroidogenesis were restored in StAR knockout 
mice that expressed a StAR transgene. On the other hand, when an amino terminal 
truncated StAR transgene was expressed, the mice retained lipid accumulation in 
the adrenal and gonads and had partially restored steroidogenesis in a tissue- and 
gender-specific manner [64]. The StAR transgenic animal studies support that StAR 
is capable of functioning without being targeted to the mitochondria, but highlight 
the importance of correct and efficient subcellular localization of the protein for full 
function in vivo.

Since continual synthesis of 37 kDa precursor StAR is required to maintain the 
active cytosolic form of StAR associated with mitochondria, the mechanisms that 
control StAR protein expression control steroidogenesis. Both transcriptional and 
posttranscriptional mechanisms regulate StAR gene expression, and this chapter 
provides an overview of the mechanisms controlling StAR expression in the go-
nads and adrenal. First, a general overview for transcription initiation and hormonal 
regulation of steroidogenesis is provided to set the context for StAR regulation.

Basic Mechanisms for Transcription Initiation

A gene that is transcribed by RNA Polymerase II (RNAPII) has distinctive func-
tional elements that are required to initiate and enhance transcription. The pro-
moter region of a gene contains sequence-specific cis-acting DNA elements, or 
regulatory elements, that are recognized and bound by trans-acting DNA-binding 
proteins (transcription factors) required to initiate transcription. Studies that 
characterize gene promoters provide the location for these cis-acting regulatory 
elements and, by convention, the position of these elements are designated relative 
to the transcription start site (TSS). The TSS is designated as the first nucleotide 
transcribed into pre-mRNA and is denoted numerically by +1. The core promoter is 
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defined as the minimal region required for RNAPII to initiate transcription. There 
are two major classes of core promoter sequences for RNAPII binding; an AT-
rich DNA sequence containing a consensus TATAAAA element called the TATA 
box is found in approximately 25 % of mammalian genes, and CG-rich regions 
referred to as a TATA-less promoter found in the remaining 75 % of the genes. In 
general, TATA-box elements are found in highly regulated, cell-specific expressed 
genes while CG-rich regions serve as promoters for many housekeeping or com-
monly expressed genes. Recruitment of RNAPII to the core promoter and proper 
transcription initiation is controlled by the assembly of the general transcription 
complex that together with RNAPII forms the transcription preinitiation complex 
(PIC). The assembly of the PIC is enhanced by activator and coactivator proteins 
that bind to regulatory elements within the promoter.

Activator proteins are transcription factors that bind their respective sequence-
specific DNA regulatory elements and function in either a constitutive manner (al-
ways bound to DNA) to maintain steady-state levels of gene expression or in a 
developmental or regulated manner to activate gene transcription in response to 
external stimuli such as hormonal signaling. The sequence-specific DNA regula-
tory elements typically contain a twofold symmetry and the activator proteins bind 
as homo- or heterodimers. Common DNA and protein interacting motifs identified 
within activator proteins include the helix-turn-helix (HTH), basic helix-loop-helix 
(bHLH), zinc finger (Zn finger), and basic leucine zipper (bZIP) motifs. bZIP pro-
teins have a conserved region aligned by the spacing of leucine resides every 7th 
amino acid that folds into an α-helix containing a hydrophobic face with evenly 
spaced leucines. The interdigitation of the leucines between these α-helices forms 
the leucine zipper and promotes protein dimerization. A basic region is adjacent to 
each helix and binds the half-site of the response element; therefore, dimerization 
is necessary for function (DNA binding). bZIP motifs are commonly found in ac-
tivators that are regulated in response to acute cellular signaling. For example, the 
c-FOS and c-JUN proteins of the AP-1 transcription family are phosphorylated and 
activated by protein kinase C (PKC) signaling and the cAMP responsive element-
binding protein, CREB, is phosphorylated and activated by the protein kinase A 
(PKA) signaling pathway. Another common DNA-binding motif is the zinc finger; 
a structure formed by the coordination of Zn ions by specifically spaced cysteine 
(Cys4) or cysteine and histidine (Cys2His2) residues that generates adjacent finger-
like structures that bind the major groove of DNA and promote protein dimeriza-
tion. The Zn finger Cys2Cys2 motif is shared by members of the steroid hormone/
nuclear receptor superfamily where ligand binding enhances homo- or heterodimer 
formation and DNA binding.

Coactivator and corepressor proteins do not bind DNA directly but are recruit-
ed to promoters via protein interactions with the DNA-bound activator proteins 
(reviewed in [65–67]). Conserved protein interacting motifs found on activating 
proteins include the LXXLL motif for nuclear receptor-coactivator interactions, 
and kinase interacting domain (KID) for CREB/activated transcription factor (ATF) 
family members and coactivators [67, 68]. Protein-protein interactions can be de-
pendent upon posttranslational modification(s), such as phosphorylation of CREB 
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on Ser133 by PKA or Ca2+ signaling, which results in increased association with the 
coactivator CREB-binding protein (CBP/p300 [68–71]). Coactivators classically 
have intrinsic histone acetyltransferase activity (HAT) and acetylate core histone 
proteins (H2A, H2B, H3, and H4) leading to open chromatin structure for active 
transcription. Members of the HAT family include CBP/p300, P/CAF (p300/CBP 
Associated Factor), and the p160 family that includes SRC-1(NCoA-1), SRC-2 
(NCoA-2), and SRC-3. Additional histone modifying enzymes have been shown to 
contribute to coactivator function [72].

Conversely, a gene may be actively silenced by the constitutive presence of a 
corepressor complex on the promoter. Corepressor proteins, like coactivators, are 
associated with DNA bound activator proteins via protein-protein interactions 
thereby localizing the corepressor to specific promoter regions of the gene [67]. 
The repressor protein then recruits HDAC proteins, enzymes with intrinsic histone 
deacetylase activity that help maintain histones in the deacetylated state and pro-
mote gene silencing. mSin3 and nucleosome remodeling and histone deacetylation 
(NuRD) are two common repressors utilized by multiple activator proteins to re-
cruit HDAC1 to the promoter. Nuclear receptors also can utilize the corepressors 
silencing mediator of retinoid and thyroid receptors (SMRT) and nuclear receptor 
corepressor (NCoR) to either recruit HDACs directly or indirectly via Sin3A com-
plex formation [73, 74].

Hormonal Regulation of Steroidogenesis  
and StAR Function

The hypothalamic-pituitary-gonadal axis is the major hormonal signaling cascade 
that controls sex hormone output by the testis and the ovary while the hypotha-
lamic-pituitary-adrenal axis is the major hormonal signaling cascade that controls 
glucocorticoid synthesis by the adrenal gland (Fig. 2.2a). In brief, the hypothala-
mus secretes gonadotropin-releasing hormone (GnRH) or corticotropin-releasing 
hormone (CRH) that then stimulate the gonadotropes or corticotrophes of the an-
terior pituitary, respectively, to synthesize and secrete the gonadotropins leutiniz-
ing hormone [75] and follicle stimulating hormone (FSH) or adrenocorticotropin 
hormone (ACTH). LH stimulates testosterone synthesis by testicular Leydig cells 
and androgen production by ovarian theca cells while FSH stimulates estrogen pro-
duction by ovarian granulosa cells. ACTH stimulates glucocorticoid synthesis by 
the adrenal gland. Mechanistically, ACTH, LH, and FSH bind to their respective 
7-transmembrane G-protein-coupled receptors in their target tissues and activate 
signal transduction pathways leading to increased expression and/or activation of 
transcriptional activator proteins and subsequent increase in StAR and other genes 
within the steroid hormone biosynthetic pathway (see Fig. 2.2b and legend for more 
detailed description). The cross-talk between these pathways leads to maximal in-
crease in steroid output. The cAMP-PKA signal transduction pathway is central to 
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Fig. 2.2   Mechanisms for tropic hormone regulation of steroidogenesis. a The hypothalamic-pitu-
itary-adrenal/gonadal axis controlling steroid hormone production. The pathway is described in 
the text. b Mechanisms for increased StAR and steroidogenic gene expression following tropic 
hormone stimulation. Shown is a model of the major signal transduction pathways activated by 
tropic hormone (LH, FSH, ACTH) stimulation of their respective G-protein-coupled receptors. 
Activated second messenger pathways include adenylyl cyclase (AC)-mediated increase in cAMP 
levels and the subsequent activation of protein kinase A (PKA), phospholipase C (PLC)-mediated 
increase in diacylglycerol (DAG) and inositol 1, 4, 5 trisphosphate (IP3). DAG then activates 
protein kinase C (PKC) while IP3 increases intracellular calcium levels that also promote PKC 
activation. Epidermal growth factor (EGF), insulin-like growth factor (IGF), and prolactin (PRL), 
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hormone-dependent activation of gonadal sex hormone and adrenal glucocorticoid 
and androgen synthesis. In addition, aldosterone, a critical steroid hormone that 
regulates salt balance and blood pressure, is produced by the adrenal gland. Major 
regulators of aldosterone synthesis are angiotensin II (Ang II) and K+. Ang II is a 
peptide hormone that binds to its respective G protein-coupled cell surface recep-
tor and activates the protein kinase C (PKC) and calcium signaling pathways while 
K+-mediated membrane depolarization activates voltage-gated calcium channels 
and subsequent calcium-PKC- signaling pathways (reviewed in [76]). Similar to 
cAMP-PKA signaling, Ang II and K+ lead to transcription factor phosphorylation 
and increased target gene expression, including StAR, resulting in increased al-
dosterone synthesis [77–80]. This chapter focuses on the cAMP-PKA-dependent 
mechanisms that activate StAR gene expression. The unifying theme for StAR gene 
regulation is that hormone-dependent activation of the signaling pathways that reg-
ulate transcription factor activation and recruitment to the StAR promoter functions 
in a cell-type-dependent manner resulting in cell-specific mechanisms that control 
StAR expression.

PKA-dependent phosphorylation of StAR is a key mechanism controlling 
StAR function. StAR was originally observed to be a phosphoprotein, a modi-
fication that was established by the early observations of four protein spots af-
ter 2-D gel electrophoresis; two of which were sensitive to alkaline phosphatase 
treatment (Fig. 2.1). Two consensus PKA phosphorylation sites at Ser56/57 and 
Ser194/195, in murine and human StAR, respectively, are bona fide PKA targets 
[81, 82]. StAR protein harboring a Ser194/95Ala mutation fails to mediate choles-
terol transport into mitochondria, although the cholesterol-binding property is not 
changed due to phosphorylation [81–83]. In addition, PKC-dependent synthesis 
of wild-type StAR without subsequent PKA-dependent phosphorylation does not 
promote steroid production, supporting a role for posttranslational modification of 
StAR for function [83]. While the importance for StAR phosphorylation is estab-
lished, the mechanistic link between StAR phosphorylation and function remains 
to be determined.

activate the Ras/Raf and mitogen-activated protein kinases (MAPK/ERK) pathways, which have 
been shown to modulate the cAMP-PKA-dependent control of StAR expression. The activation 
of these protein kinases results in the increased expression and/or phosphorylation of transcrip-
tion factors that control StAR and steroidogenic enzymes within the steroidogenesis pathway, 
leading to an increase in steroid output. The potential cross-talk between these pathways through 
cAMP-mediated activation MAPK or calcium signaling modulating PKA illustrates the potential 
for multi signals converging on activation of key transcription factors that contribute to increased 
gene expression. The cAMP-PKA pathway is the key pathway regulating StAR expression and ste-
roidogenesis in steroidogenic tissues. This may be attributed, in part, to the PKA-dependent phos-
phorylation of StAR that is required for function. The model pathway in b is adapted from [114]. 
CYP11A1, cytochrome P450 side chain cleavage enzyme; CYP17, cytochrome P450 17a-hydrox-
ylase, 17, 20 lyase; CYP19, cytochrome P450 aromatase are used as examples of regulated genes 
within the steroid hormone biosynthetic pathway H hypothalamus, CRH corticotrophin-releasing 
hormone, GnRH gonadotropin-releasing hormone, Ant. Pit. anterior pituitary, ACTH adrenocorti-
cotropin hormone, LH luteinizing hormone, FSH follicle stimulating hormone, StAR steroidogenic 
acute regulatory protein, cAMP cyclic adenosine-3′,5′-monophosphate, DAG diacylglycerol
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StAR Gene Structure

Shortly after we cloned the mouse StAR cDNA, we characterized the mouse gene 
[84]. The gene is comprised of 7 exons and 6 introns that span a relatively short 
distance, 6.25 kb, located on chromosome 8 [84]. The cDNA contains an open read-
ing frame of 852 bases encoding a protein of 284 amino acids with predicted mo-
lecular weight of 31.6 kDa [53]. The human StAR gene shares the same general 
structure with 7 exons-6 introns spanning ~ 8 kb that maps to chromosome 8p11.23 
[85] (Fig. 2.3). The human cDNA encodes a protein of 285 amino acids due to an 
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Fig. 2.3   StAR gene and primary transcript structure. a Schematic representation of the human 
and mouse StAR gene structure. The sequence information obtained from human gene ID 6770, 
NG_011827 and mouse gene ID 20845, NM_011485 were used to cartoon the gene structures 
for human and mouse StAR, respectively. Exons are depicted by dark boxes with the 5′ and 3′ 
untranslated regions shown in lighter color and the size of the exons are given above each box. 
Introns are depicted by a line with the size shown below the line. The start (ATG) and stop (TGA/
TAA) codons are indicated in the schematic. Exon 2 of human StAR contains an additional 3 
base pairs relative to the mouse sequence. b Alternative 3′-end processing results in two major 
StAR transcripts. Shown is a schematic of the mouse StAR primary transcript. The coding region 
is depicted by the dark box with the 5′ and 3′ UTR in lighter shade. Two major polyadenylation 
signals (poly(A)) within the 3′-UTR of mouse StAR that promote differential processing leading 
to a long (~3.5 kb) and short (~1.6 kb) transcript in rodent cell lines. The two major transcripts 
are shown by Northern blot analysis of StAR mRNA in MA-10 mouse Leydig tumor cells after 
treatment with the cAMP analog Bt2 cAMP for the indicated time. The presence of destabilizing 
AUREs (AU-rich elements) in the longer transcript are proposed to contribute to the shorter half-
life of the longer transcript [173]. Figure for Northern blot data is adapted from data presented in 
[84] StAR steroidogenic acute regulatory protein, mRNA messenger ribonucleic acid, cAMP cyclic 
adenosine-3′,5′-monophosphate, AU adenosine-uridine
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additional 3 nucleotides in exon 2 that results in an insertion of a serine at position 
47. Many of the mammalian StAR proteins are 285 amino acids in length, with 
the mouse and rat being the apparent exceptions. The additional amino acid has no 
apparent functional advantage since deletion of the amino terminal 65 amino acids 
from StAR does not decrease activity for cholesterol transfer.

The core promoter of StAR contains a TATA-box, common for highly regulated 
genes. To localize the cAMP-responsive region of StAR promoters, early studies 
used reporter gene assays and tested the activity of a series of 5′-deletion constructs 
beginning with > 3  kb of the 5′-flanking sequence upstream of the transcription 
start site (TSS). A region within 250 bp of the TSS was shown to be sufficient for 
maximal promoter activity of mouse, human, rat, and bovine StAR genes in the 
adrenal and gonads. Alignment of StAR promoter regions from multiple species 
revealed highly conserved sequence-specific DNA regulatory elements within the 
first 150  bp region immediately upstream of the TSS (Fig.  2.4a). This proximal 
promoter region of StAR has been most extensively studied utilizing mouse and hu-
man cell lines. These studies demonstrated that the conserved regulatory elements 
bind their cognate transcription factors in a cell-type- and species-specific man-
ner. The major transcription factors found to activate StAR transcription are ste-
roidogenic factor-1 (SF-1 also referred to as adrenal 4-binding protein and encoded 
by NR5A1), NUR77 (NR4A1), CCAAT/enhancer-binding protein beta (C/EBPβ), 
GATA-4, activator protein-1 (AP-1) family members, and CREB/CREB-modulator 
(CREM) family members (Fig. 2.4a).

Zinc-Finger Transcription Factors Involved in StAR  
Gene Expression

SF-1 is an orphan member of the nuclear receptor superfamily that binds as a 
monomer to the consensus DNA sequence, 5′- AGGTCA-3′; a sequence that was 
originally found to be common in promoters of several steroid hydroxylase genes 
[86–89]. SF-1 is highly expressed in steroidogenic cell types where it functions 
to help control the tissue-specific expression of genes involved in the steroid hor-
mone biosynthesis pathway [90, 91]. Additionally, gene knockout studies in mice 
showed that SF-1 is critical for development and differentiation of the endocrine 
and reproductive systems, demonstrating it has multiple functions [92]. SF-1 func-
tion has been linked to both basal and cAMP-PKA-dependent gene expression, with 
promoter- and cell-specific mechanisms contributing to SF-1-dependent target gene 
expression. Mutational analysis of a non-consensus SF-1 element located directly 
upstream of the CRE/AP-1 element in StAR proximal promoter verified SF-1 plays 
a major functional role in StAR expression (Fig. 2.4). SF-1 binds the RNA coactiva-
tor SRA (steroid receptor activator RNA) and SRA is important for SF-1-dependent 
gene activation in the adrenal and gonads [93]. While the cAMP-PKA-dependent 
mechanisms controlling SF-1 function are not fully elucidated, current working 
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b

a

Fig. 2.4   Multiple Sequence Alignment of the StAR Proximal Promoter. a Shown is a Clust-
alW alignment of human, mouse, rat, bovine, pig, and chimpanzee StAR promoter sequences 
between the TATA box (TTTAA) and the distal SF-1 element located at -145 bp in the mouse 
promoter sequence. The binding sites for SF-1, C/EBPβ, CREB/CREM/AP-1 are shown in 
light blue and labeled with the names of the respective transcription factor(s). b Comparison 
of the cAMP-responsive region of the human and mouse StAR proximal promoter. Shown is a 
short 53 bp region that encompasses non-consensus SF-1 and CRE/AP-1 elements and a con-
sensus GATA element. Each of these DNA elements has been shown to bind their respective 
transcription factors and increase StAR transcription. The divergence between the mouse and 
human sequence within the critical elements and in the flanking DNA sequences may con-
tribute, in part, to promoter (species)-specific differences in transcription factor binding. StAR 
steroidogenic acute regulatory protein, C/EBP CCAAT-enhancer-binding protein—beta, CREB 
cyclic-AMP responsive element-binding protein, CREM CREB modulator protein, AP-1 activa-
tor protein 1, SF-1 steroidogenic factor-1, cAMP cyclic adenosine-3′,5′-monophosphate, DNA 
complementary deoxyribonucleic acid
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models include indirect mechanisms by which cAMP-PKA signaling promotes pro-
duction of SF-1 ligands and SF-1 cofactors to enhance SF-1 function [94].

NUR77, encoded by the NR4A1 gene and also referred to as nerve growth fac-
tor induced-B (NGFI-B) is an orphan nuclear receptor that binds as a monomer to 
the cis-acting consensus sequence 5′-AAAGGTCA-3′ called the NGFI-B response 
element (NBRE). As the name implies, NUR77, and related family members NOR1 
and NURR1, were characterized for their function in the nervous system as part 
of the immediate early response to stimuli such as growth factors and membrane 
depolarization [95]. In steroid producing tissues NUR77 expression is increased by 
hormonal stimulation and NUR77 has been shown to regulate steroidogenic gene 
expression [96–102]. The NBRE shares sequence identity with the SF-1 element 
and a NBRE overlaps the SF-1 element in the mouse STAR promoter (Fig. 2.4a). 
Calcium signaling contributes to the cAMP-dependent increase in steroidogenesis 
and a calcium-dependent increase in NUR77 expression leads to increased bind-
ing to the SF-1/NBRE element in the mouse StAR promoter [102–104] (Fig. 2.4a). 
However, NUR77 does not bind this region in the human StAR promoter [105, 
106], likely due to flanking sequence variation at the SF-1/NBRE element between 
the mouse and human promoters (Fig. 2.4a). The inability for NUR77 to bind to 
the human StAR promoter, and potentially compensate for SF-1 function, may help 
explain the dependence on SF-1 for StAR promoter activity in human cell lines [78, 
107–110].

The GATA family of zinc-finger DNA-binding proteins is named for the cis-
acting DNA core consensus sequence, 5′- GATA-3′, that they bind. This family is 
composed of six members, GATA-1–GATA-6, with GATA-4 associated with gene 
transcription and development in the heart. However, GATA-4 is expressed in ste-
roidogenic tissues as well as in the heart, lung, liver, and small intestine and has 
been shown to play a broader role in gonadal development and tissue-specific gene 
expression [111–113]. GATA proteins function with FOG (friend of GATA) and 
p300/CBP to activate target gene expression. StAR and several steroid hydroxylase 
gene promoters contain GATA elements and GATA-4 has been shown to regulate 
these genes in the testis and ovary.

bZIP Transcription Factors Involved in cAMP-Dependent 
StAR Gene Expression

Comprehensive reviews of the role of bZIP proteins in StAR gene regulation sum-
marize the studies that identified the roles for members of this family of transcrip-
tion factors that bind to a non-consensus CRE/AP-1 element in the StAR promoter 
and control transcriptional activation or repression [114, 115]. Therefore, only a 
broad overview highlighting the current models for StAR gene regulation is pro-
vided herein.

The CREB, CREM, and ATF-1 genes encode a family of transcription factors 
that bind to cAMP-responsive elements [116] that have the consensus sequence 
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5′-TGACGTCA-3′. CREB/CREM/ATF-1 family members can form homo- or 
heterodimers through the bZIP domain and can functionally compensate for each 
other in activating target gene expression in response to cAMP-PKA signaling 
[117–120]. CREB is known generally as a transcriptional activator while multiple 
CREM isoforms, generated via alternative splicing or use of alternative promoters 
of the CREM gene, both transcriptional activators (CREMτ, τ1, and τ2) or repres-
sors (CREMα, β and γ) and ICER (inducible cAMP early repressor). CREMτ is the 
major transcriptional activator isoform in the testis, with strong expression in germ 
cells where it controls expression of genes critical for spermatogenesis [121]. In 
mouse Leydig cell cultures, both CREB and CREM are phosphorylated in response 
to PKA activation and the phosphoproteins bind to the StAR CRE/AP-1 element 
and contribute to the cAMP-dependent increase in StAR transcription [122, 123]. 
CREB is not expressed in the adrenal and in this tissue, CREM isoforms bind to the 
CRE/AP-1 element and activate StAR transcription [78, 110].

AP-1 is a transcriptional complex composed of Fos and Jun proteins. Members 
of the Fos family (c-Fos, FosB, Fra-1, and Fra-2) are found only as a heterodimer 
partner with members of the Jun (c-Jun, JunB, and JunD) proteins and with some 
members of the CREB/ATF family, while Jun members form either homodimers or 
heterodimers [124–126]. AP-1 family members are phosphorylated in response to 
PKA or PKC activation and also bind to the CRE/AP-1 element [122, 127]. c-Jun 
functions as a potent trans-activator of StAR transcription in Leydig cells, possibly 
through the formation of heterodimers with CREB family members [127], while c-
Jun/c-Fos heterodimers can both activate and repress StAR [128–131].

The C/EBP family members bind to CCAAT box DNA elements with the con-
sensus sequence A/GTTGCGC/TAAC/T [132]. The C/EBP family is best known 
for regulating genes that control cell differentiation and are differentially expressed 
in a tissue-specific manner [133–135]. In steroidogenic cells, C/EBPα and C/EBPβ 
isoforms are detected and C/EBPβ expression is increased by cAMP-mediated 
mechanisms in mouse testicular Leydig and ovarian granulosa cells [136–138]. The 
functional C/EBP element in the StAR promoter is highly conserved and C/EBPβ 
in MA-10 Leydig cell, rodent granulosa-luteal cell, and human granulosa-luteal cell 
nuclear extracts was shown to bind to the mouse and human StAR proximal pro-
moter [139–141]. Protein-protein interactions between C/EBPβ and SF-1 and C/
EBPβ and GATA-4 have been proposed to contribute to Leydig and granulosa cell 
StAR gene expression, respectively.

Model for cAMP-PKA-Dependent Activation of STAR 
Transcription

A cAMP responsive region, referred to as the CAN or CRE/AP-1 site, is a non-
consensus CRE with overlapping specificity for members of the CREB/CREM and 
AP-1 protein families (Fig. 2.4b). This region is the most complex of the StAR 
proximal promoter due to the complex pattern of transcription factor binding that 
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occurs in a species- and tissue-specific manner. Potential heterodimer formation be-
tween CREB, AP-1, and C/EBP bZIP proteins provide a level of control to integrate 
gene expression through one common element yet distinct trans-activating proteins.

One unifying theme identified by studies on StAR gene regulation from mul-
tiple laboratories is full promoter activity and a robust cAMP-dependent response 
involves SF-1 and GATA-4 binding to their respective elements in the StAR pro-
moter (Figs. 2.4b and 2.5). Mutation of either the SF-1 or GATA-4 site does not 
diminish cAMP induction of StAR promoter activity, yet the loss of both of these 
factors attenuates overall promoter activity. The SF-1 and GATA-4 elements flank 
the critical CRE/AP-1 element, and protein-protein interactions between SF-1-GA-
TA-4, SF-1-CREB, and C/EBPβ-GATA-4 have been reported and these interactions 
may help stabilize CREB/CREM/AP-1 factor binding at the CRE/AP-1 element. 
However, the fine-tuning of the hormone-dependent response is controlled by fac-
tor binding to the CRE/AP-1 element. Given that several combinations of bZIP 
proteins bind to this element, it is likely that the relative cellular levels of CREB/
CREM/AP-1 proteins and preferential activation (phosphorylation) of these factors 
by hormone-dependent activation of the PKA and/or PKC signaling pathways regu-
late bZIP protein heterodimer partner formation controlling StAR gene expression 
in a cell type dependent manner.

The temporal pattern for transcription factor recruitment is nicely demonstrated 
by chromatin immunoprecipitation (ChIP) assays. The data support that upon 8-Br-
cAMP treatment of MA-10 mouse Leydig tumor cells, the immediate response is 
recruitment of SF-1, GATA-4, CREB/CREM/AP-1, and CBP to the mouse StAR 
promoter followed by histone H3 acetylation and increased StAR mRNA levels. 
CREB, AP-1, and GATA-4 phosphorylation increases immediately following cAMP 
treatment of MA-10 cells with no change in total protein expression [142], indicat-
ing that phosphorylation of these factors promotes their recruitment to the StAR 
promoter and facilitates increased coactivator interactions [122, 140] (Fig. 2.5).

One model for cAMP-PKA stimulated StAR transcription that integrates the 
above studies is tropic hormone stimulation results in PKA-dependent phosphoryla-
tion of CREB/CREM and/or c-Fos/c-Jun (AP-1) and increases recruitment of these 
transcription factors to the CRE/AP-1 site in the StAR proximal promoter. SF-1 
and GATA-4 bind to their respective elements that flank the CRE/AP-1 site. PKA-
dependent phosphorylation of GATA-4 enhances both recruitment of this factor to 
the StAR promoter and protein-protein interactions. Protein-protein interactions be-
tween GATA-4 and SF-1, AP-1 and/or CREB and possible CREB- SF-1 interactions 
help stabilize the transcription complex and enhance recruitment of the coactivator 
CBP and RNAPII to the StAR promoter and increase transcription. SF-1-GATA-4 
binding appear to be a common mechanism for mouse and human StAR gene ac-
tivation in multiple cell types while the homo- or heterodimer partners (CREB/
CREM or AP-1 or CREB-cJun) binding to the CRE/AP-1 element is dependent 
upon the cell type and stimulus.

An example of integrating StAR gene expression through one common ele-
ment, yet distinct trans-activating proteins can be found in the follicular to luteal 
phase transition in the rodent ovary. During this transition, regulation of steroid 
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Fig. 2.5   Model for the cAMP-PKA-dependent activation of the mouse StAR gene. Tropic hor-
mone (LH, FSH, ACTH) stimulation of their respective G-protein-coupled receptors (R) activates 
adenylyl cyclase (AC) and increases cAMP levels resulting in subsequent activation of protein 
kinase A (PKAc). PKAc-dependent phosphorylation of CREB/CREM, c-Fos/c-Jun (AP-1), and 
GATA-4 results in increased recruitment of these transcription factors to the StAR proximal 
promoter. The SF-1-GATA-4 binding appear to be a common mechanism for mouse and human 
StAR gene activation in multiple cell types while the bZIP homo- or heterodimer partners (CREB/
CREM or AP-1 or CREB-cJun) binding to the CRE/AP-1 element is dependent upon the cell type 
and stimulus. Protein-protein interactions between GATA-4 and SF-1, AP-1 and/or CREB and 
possible CREB- SF-1 interactions help stabilize the transcription complex and enhance recruit-
ment of the coactivator CBP and RNAPII to the StAR promoter and increase transcription. SF-1 
may be constitutively bound to the promoter with increased association after cAMP-PKA acti-
vation. A switch from cAMP-dependent to cAMP-independent regulation of StAR transcription 
involves C/EBPb binding to its respective element and loss of CREB binding to the CRE/AP-1 
element during luteolysis. NUR77 binds to a sequence overlapping the SF-1 element and modu-
lates calcium-dependent regulation of StAR. Protein kinase A (PKAc)-dependent loss of DAX-1 
and COUP-TF repressor functions: Both DAX-1 and COUP-TF function to interfere with SF-1 
activation of the StAR promoter and actively repress StAR transcription (see text for details). 
Hormone stimulation and activation of PKAc results in decreased DAX-1 or COUP-TF expression 
in steroidogenic cells, thereby alleviating repression and promoting activation by allowing SF-1 
and other factors to activate StAR gene expression StAR steroidogenic acute regulatory protein, 
C/EBPb CCAAT-enhancer-binding protein-beta, CREB cyclic-AMP responsive element-binding 
protein, CREM CREB modulator protein, AP-1 activator protein 1, cAMP cyclic adenosine-3′,5′-
monophosphate, LH luteinizing hormone, FSH follicule stimulating hormone, ACTH adrenocor-
ticotropic hormone, DAX-1 dosage sensitive sex reversal-adrenal hypoplasia congenital gene on 
the X chromosome gene 1, COUP-TF chicken ovalbumin upstream promoter transcription factor 
I and II, CBP CREB-binding protein, RNAPII ribonucleic acid polymerase II, bZIP basic leucine 
zipper, AMP adenosine-3′,5′-monophosphate
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production switches from a cAMP-dependent (follicular phase) to cAMP-inde-
pendent (luteal phase). StAR expression and steroid production are important dur-
ing both phases and StAR gene regulation switches from a cAMP-dependent to a 
cAMP-independent mechanism. The switch is mediated by an AP-1 family member 
replacing CREB at the CRE/AP-1 element and recruitment of C/EBPβ to its func-
tional element upstream of the CRE/AP-1 site [141]. ChIP analysis using mouse 
granulosa-luteal cells showed that C/EBPβ was recruited to the StAR promoter with 
no apparent increase in CREB/CREM association, indicating a tissue-specific dif-
ference in StAR regulation. These data are consistent with a switch in StAR regula-
tion from a CREB/CREM-mediated (cAMP-dependent) to AP-1-C/EBPβ-mediated 
(cAMP-independent) mechanism in the ovary.

While much less is known about regulation of human StAR promoter activity, 
SF-1, GATA-4, and CREM remain important factors [78, 106–110]. The cAMP-
dependent response in H295R human adrenocortical cells is CREM-mediated, and 
a CREM isoform has been shown to bind to the CRE/AP-1 element in the human 
StAR promoter [78, 110]. Overexpression of AP-1 family members JunB-Fos/FosB 
or JunB-ATF3 can transactivate StAR promoter-reporter gene expression in H295R 
cells, most likely via binding to the CRE/AP-1 element [105]. However, sequence 
differences in the CRE/AP-1 element between mouse and human StAR promoters 
may influence transcription factor binding, and this may broaden the transcription 
factor diversity for activating human StAR in response to different signaling path-
ways (Fig. 2.4b) [78].

Repression of StAR Transcription

In MA-10 mouse Leydig cells, a repressor complex composed of Sp3-mSin3A-
HDAC proteins assembles on the mouse StAR promoter ~150 bp upstream of the 
CRE/AP-1 element [143]. Since the binding site for the repressor complex is not 
conserved, this may represent a species-(promoter)-specific repression of mouse 
StAR. In contrast, several repressor proteins have been shown to suppress StAR 
transcription by both direct and indirect mechanisms in several model systems and 
promoters. Repressor proteins can bind DNA and recruit corepressor complexes 
(direct), or block a trans-activator protein from binding DNA (indirect), thereby 
blocking assembly of a transcription initiation complex. The most extensively stud-
ied repressor for StAR is dosage sensitive sex reversal-adrenal hypoplasia congeni-
tal gene on the X chromosome gene 1 (Dax-1), a member of the nuclear receptor su-
perfamily. DAX-1 is atypical in that it lacks a DNA-binding domain and contains a 
strong C-terminal repressor domain [144]. Expression patterns for DAX-1 and StAR 
in steroidogenic cell types are inversely related, providing correlative support for 
DAX-1 working as a repressor of StAR expression [145–153]. Despite the absence 
of a classical DNA-binding domain, DAX-1 has been reported to bind to a hair-
pin loop formed within promoters, including the StAR promoter [147, 154], which 
prevents SF-1 and/or NUR77 binding. In addition, direct SF-1-DAX-1 interactions 
that tether DAX-1 to the promoter via DNA-bound SF-1 results in recruitment of 
corepressor proteins and transcriptional repression of StAR [144, 154–156].
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Chicken ovalbumin upstream promoter transcription factor I and II (COUP-TF), 
an orphan nuclear receptor, can function as either an activator or repressor protein 
[157]. As a repressor, COUP-TF can compete with SF-1 for binding to the AGGT-
CA element and recruit a corepressor complex, thus blocking SF-1-mediated trans-
activation [157–159]. COUP-TF can bind to SF-1 elements in the STAR promoter 
and overexpression of COUP-TF has been shown to block the hormone-stimulated 
increase in bovine StAR mRNA and human StAR promoter activity in bovine ad-
renal glomerulosa cells [160]. Thus, both DAX-1 and COUP-TF can function to in-
terfere with SF-1 activation of the StAR promoter and represses StAR transcription. 
One possible mechanism for switching from repression to activation is hormone 
stimulation and activation of PKA resulting in decreased DAX-1 or COUP-TF ex-
pression, thereby allowing SF-1 and other factors to activate StAR gene expression 
(Fig. 2.5) [146, 153, 160, 161].

FOXL2, a member of the forkhead/hepatocyte nuclear factor 3 (FKH/HNF3) 
gene family, binds to the STAR proximal promoter (− 42 bp) and represses StAR 
activity in the mouse ovary [162]. As with the other repressors, StAR and FOXL2 
expression levels are inversely related; StAR mRNA levels are low in granulosa 
cells with high FOXL2. Differentiation of the follicle is associated with decreased 
FOXL2 and increased StAR, thus, hormone-dependent signaling appears to result 
in loss of a repressor and concomitant activation of transcription factors and coacti-
vators to control StAR expression [141].

c-Fos and Yin yang 1 (YY1) have both activator and repressor functions on StAR 
promoter activity [78, 130, 163]. The rat StAR promoter has been well character-
ized for c-Fos, YY1, and DAX-1-mediated repression of StAR as a mechanism(s) 
contributing to suppression of steroid hormone biosynthesis and regression of the 
corpus luteum [130, 153, 163, 164]. Prostaglandin F2α (PGF2α) is a major signal-
ing molecule for luteal regression in the rat ovary and PGF2α treatment was shown 
to increase c-Fos, YY1, and DAX-1 protein expression with subsequent repression 
of StAR promoter activity by both direct and indirect mechanisms.

Post-Transcriptional Regulation of StAR Expression

Two major StAR transcripts are detected for most mammalian species due to use of 
alternative polyadenylation sites in the 3′-UTR of the terminal exon [165] (Fig. 2.3). 
The differential processing of the 3′-end produces a short and long form of StAR 
mRNA with the long form retaining ~1800 nucleotides. The temporal pattern of 
expression of the two major transcripts after cAMP-PKA activation shows that both 
transcripts increase in parallel followed by a more rapid decrease in the long form 
relative to the short form [84, 85, 107, 166–168]. However, the steady-state mRNA 
levels, as determined by Northern blot analysis, indicates the short transcript is rela-
tively minor compared to the long transcript, suggesting a preference for processing 
at the downstream polyadenylation site (84, 85, 107, 166–168]. The significance 
of the longer 3′UTR length is the presence of AU-rich destabilizing elements [169] 
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that are commonly found in short-lived transcripts, consistent with the temporal pat-
terns of expression observed with StAR long v short transcripts. The AURE-binding 
protein, TIS11b (zinc finger protein, Znf36L1, also known as BRF1), binds to the 
StAR AURE and facilitates mRNA degradation [170–172]. Classically, destabiliz-
ing element-binding proteins, such as TIS11b, function by recruiting de-capping 
and deadenylation enzymes to initiate mRNA degradation although the mechanism 
for StAR mRNA degradation remains to be determined. TIS11b expression in the 
adrenal and gonads is increased by cAMP-PKA [170], providing a mechanism for 
decreasing StAR steady-state mRNA levels as another control point to regulate 
StAR protein levels in response to hormonal stimulation [173].

In addition to mRNA stability, the 3′UTR of StAR mRNA may serve to local-
ize the transcript to the mitochondria by binding to the A kinase anchor protein, 
121 (AKAP 121; 174,175). AKAP 121 is a scaffold protein associated with mi-
tochondria that binds PKA regulatory subunits thereby localizing PKA to this or-
ganelle [176]. PKA was shown to be part of a protein complex at the mitochon-
dria outer membrane that also includes outer mitochondrial membrane translocator 
protein (TSPO), TSPO-associated protein (PAP7, an AKAP family member), and 
StAR[177]. The cAMP-dependent formation of this complex facilitates cholesterol 
transfer into the mitochondria and the presence of StAR is an absolute requirement 
for the function of this complex [177]. In the absence of AKAP121, StAR protein 
expression is diminished in MA-10 mouse Leydig cells, suggesting StAR mRNA 
localization to the outer mitochondrial membrane is important for efficient transla-
tion [97, 178]. Given that StAR mRNA may be recruited to the mitochondria by 
AKAP-121 and that AKAP-PKA associate at the mitochondria, this would allow for 
localized translation and posttranslational modification of StAR.

Summary

The journey from detecting four new protein spots by 2-D-PAGE after treatment of 
rat adrenal cells or MA-10 mouse Leydig tumor cells with cAMP analogs to activate 
PKA signaling to cloning the cDNA encoding the protein spans over a decade from 
the early 1980s to 1994. However, as with all research, the work over this time was 
building on seminal studies from the 1960s–1980s that provided the evidence for 
an acute regulator of steroidogenesis which should fit the following criteria: trophic 
hormone stimulation of steroidogenic cells should induce the rapid synthesis of a la-
bile protein(s), and that this newly synthesized protein(s) should function at the site 
of mitochondria and facilitate the translocation of cholesterol across the mitochon-
drial membranes for delivery to the cytochrome P450 side chain cleavage enzyme 
which catalyzes the conversion of cholesterol to pregnenolone for the first enzy-
matic step in steroidogenesis. StAR fits this description and an impressive amount 
of work in the mid to late 1990s demonstrated that mutations in the StAR gene are 
the genetic basis for lipoid CAH, StAR knockout mice are unable to produce steroid 
hormones, and that StAR binds cholesterol and functions at the outer membrane of 
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mitochondria for cholesterol transport into the organelle. Thus, relatively quickly, 
key data confirmed StAR’s role as the acute regulator of steroidogenesis. Given 
the importance of the criteria for new protein synthesis for the acute regulation of 
steroidogenesis, understanding the molecular mechanisms that control the increase 
in StAR expression following trophic hormone stimulation would be important for 
understanding the mechanisms that control steroidogenesis. The cAMP responsive 
region of mouse and human StAR promoter is a non-consensus CRE/AP-1 element 
with overlapping specificity for members of the CREB/CREM and AP-1 protein 
families. Thus, the cAMP-PKA-dependent control of StAR was found to be rather 
complex and shown to occur in a species- and tissue-specific manner, driven mainly 
by the potential species- and tissue-specific heterodimer formations between bZIP 
CREB and AP-1 family members. Binding of other transcription factors, e.g., SF-1 
and GATA-4, to their respective elements that are highly conserved between spe-
cies may influence binding of the bZIP heterodimer partners at the non-consensus 
CRE/AP-1. Loss of transcriptional repression via loss of transcriptional repressor 
proteins DAX-1 and/or COUP-TF is another mechanism that works in concert with 
the direct activation mechanisms to promote the cAMP-PKA-dependent increase in 
StAR expression. Lastly, StAR mRNA stability is controlled by the AURE-binding 
protein, TIS11b, which binds to the StAR 3′ UTR AURE and facilitates mRNA deg-
radation in a cAMP-PKA-dependent manner. Together these studies highlight the 
importance for fine control of StAR expression and that altering the expression or 
function of any of these transcription factors could influence StAR expression and 
lead to cell-specific alterations in steroid hormone biosynthesis, which would have 
implications for development and reproduction.

References

1.	 Macchi IA, Hechter O. Studies of ACTH action upon perfused bovine adrenals; duration of 
ACTH action. Endocrinology. 1954;55:434–8.

2.	 Macchi IA, Hechter O. Studies of ACTH action upon perfused bovine adrenals; minimal ACTH 
concentration requisite for maximal glandular response. Endocrinology. 1954;55:426–33.

3.	 Macchi IA, Hechter O. Studies of ACTH action upon perfused bovine adrenals; cortico-
steroid biosynthesis in isolated glands maximally stimulated with ACTH. Endocrinology. 
1954;55:387–402.

4.	 Stone D, Hechter O. Studies on ACTH action in perfused bovine adrenals: the site of action 
of ACTH in corticosteroidogenesis. Arch Biochem Biophys. 1954;51:457–69.

5.	 Ferguson JJ, Jr. Puromycin and adrenal responsiveness to adrenocorticotropic hormone. Bio-
chim Biophys Acta. 1962;57:616–7.

6.	 Ferguson JJ, Jr. Protein synthesis and adrenocorticotropin responsiveness. J Biol Chem. 
1963;238:2754–9.

7.	 Garren LD, Davis WW, Crocco RM, Ney RL. Puromycin analogs: action of adrenocortico-
tropic hormone and the role of glycogen. Science. 1966;152:1386–8.

8.	 Garren LD, Gill GN, Masui H, Walton GM. On the mechanism of action of ACTH. Recent 
Prog Horm Res. 1971;27:433–78.

9.	 Garren LD, Ney RL, Davis WW. Studies on the role of protein synthesis in the regulation of 
corticosterone production by adrenocorticotropic hormone in vivo. Proc Natl Acad Sci U S A. 
1965;53:1443–50.



392  The Steroidogenic Acute Regulatory Protein (StAR)

10.	 Davis WW, Garren LD. Evidence for the stimulation by adenocorticotropic hormone of the 
conversion of cholesterol esters to cholesterol in the adrenal, in vivo. Biochem Biophys Res 
Commun. 1966;24:805–10.

11.	 Davis WW, Garren LD. On the mechanism of action of adrenocorticotropic hormone. 
The inhibitory site of cycloheximide in the pathway of steroid biosynthesis. J Biol Chem. 
1968;243:5153–7.

12.	 Hall PF, Eik-Nes KB. The action of gonadotropic hormones upon rabbit testis in vitro. Bio-
chim Biophys Acta. 1962;63:411–22.

13.	 Hall PF, Koritz S. Influence of interstitial cell-stimulating hormone on the conversion of cho-
lesterol to progesterone by bovine corpus luteum. Biochemistry. 1965;4:1037–43.

14.	 Hall PF, Koritz S. Action of ACTH upon steroidogenesis in the chicken-adrenal gland. Endo-
crinology. 1966;79:652–4.

15.	 Koritz SB, Hall PF. Further studies on the locus of action of interstitial cell-stimulating 
hormone on the biosynthesis of progesterone by bovine corpus luteum. Biochemistry. 
1965;4:2740–7.

16.	 Brownie AC, Simpson ER, Jefcoate CR, Boyd GS, Orme-Johnson WH, Beinert H. Effect of 
ACTH on cholesterol side-chain cleavage in rat adrenal mitochondria. Biochem Biophys Res 
Commun. 1972;46:483–90.

17.	 Paul DP, Gallant S, Orme-Johnson NR, Orme-Johnson WH, Brownie AC. Temperature de-
pendence of cholesterol binding to cytochrome P-450scc of the rat adrenal. Effect of adreno-
corticotropic hormone and cycloheximide. J Biol Chem. 1976;251:7120–6.

18.	 Crivello JF, Jefcoate CR. Mechanisms of corticotropin action in rat adrenal cells. I. The ef-
fects of inhibitors of protein synthesis and of microfilament formation on corticosterone syn-
thesis. Biochim Biophys Acta. 1978;542:315–29.

19.	 Simpson ER, Trzeciak WH, McCarthy JL, Jefcoate CR, Boyd GS. Factors affecting cho-
lesterol esterase and cholesterol side-chain-cleavage activities in rat adrenal. Biochem J. 
1972;129:10P–11P.

20.	 Privalle CT, Crivello JF, Jefcoate CR. Regulation of intramitochondrial cholesterol transfer 
to side-chain cleavage cytochrome P-450 in rat adrenal gland. Proc Natl Acad Sci U S A. 
1983;80:702–6.

21.	 Jefcoate CR, DiBartolomeis MJ, Williams CA, McNamara BC. ACTH regulation of choles-
terol movement in isolated adrenal cells. J Steroid Biochem. 1987;27:721–9.

22.	 Farese RV. Inhibition of the steroidogenic effect of acth and incorporation of amino acid into 
rat adrenal protein in vitro by chloramphenicol. Biochim Biophys Acta. 1964;87:699–701.

23.	 Farese RV. Effects of actinomycin D on ACTH-induced corticosteroidogenesis. Endocrinol-
ogy. 1966;78:929–36.

24.	 Farese RV. Adrenocorticotrophin-induced changes in the steroidogenic activity of adrenal 
cell-free preparations. Biochemistry. 1967;6:2052–65.

25.	 Farese RV, Prudente WJ. On the requirement for protein synthesis during corticotropin-in-
duced stimulation of cholesterol side chain cleavage in rat adrenal mitochondrial and solubi-
lized desmolase preparations. Biochim Biophys Acta. 1977;496:567–70.

26.	 Farese RV, Prudente WJ. On the role of intra-adrenal unesterified cholesterol in the steroido-
genic effect of corticotropin. Biochim Biophys Acta. 1978;544:77–84.

27.	 Arthur JR, Boyd GS. The effect of inhibitors of protein synthesis on cholesterol side-chain 
cleavage in the mitochondria of luteinized rat ovaries. Eur J Biochem. 1974;49:117–27.

28.	 Robinson J, Stevenson PM, Boyd GS, Armstrong DT. Acute in vivo effects on HCG and LH 
on ovarian mitochondrial cholesterol utilization. Mol Cell Endocrinol. 1975;2:149–55.

29.	 Mason JI, Arthur JR, Boyd GS. Control of sterol metabolism in rat adrenal mitochondria. 
Biochem J. 1978;174:1045–51.

30.	 Simpson ER, McCarthy JL, Peterson JA. Evidence that the cycloheximide-sensitive site of 
adrenocorticotropic hormone action is in the mitochondrion. Changes in pregnenolone for-
mation, cholesterol content, and the electron paramagnetic resonance spectra of cytochrome 
P-450. J Biolo Chem. 1978;253:3135–9.

31.	 Mason JI, Arthur JR, Boyd GS. Regulation of cholesterol metabolism in rat adrenal mitochon-
dria. Mol Cell Endocrinol. 1978;10:209–23.



40 B. J. Clark and D. M. Stocco

32.	 Haynes RC, Jr., Koritz SB, Peron FG. Influence of adenosine 3′,5′-monophosphate on corti-
coid production by rat adrenal glands. J Biol Chem. 1959;234:1421–3.

33.	 Karaboyas GC, Koritz S. The transformation of delta-5-pregnenolone and progesterone to 
cortisol by rat adrenal slices and the effect of acth and adenosine 3′-,5′-monophosphate upon 
it. Biochim Biophys Acta. 1965;100:600–2.

34.	 Cooke BA, Janszen FH, Clotscher WF, van der Molen HJ. Effect of protein-synthesis in-
hibitors on testosterone production in rat testis interstitial tissue and Leydig-cell preparations. 
Biochem J. 1975;150:413–8.

35.	 Cooke BA, Lindh LM, van der Molen HJ. The mechanism of action of lutropin on regulator 
protein(s) involved in Leydig-cell steroidogenesis. Biochem J. 1979;184:33–8.

36.	 Janszen FH, Cooke BA, van der Molen HJ. Specific protein synthesis in isolated rat testis ley-
dig cells. Influence of luteinizing hormone and cycloheximide. Biochem J. 1977;162:341–6.

37.	 Janszen FH, Cooke BA, van Driel MJ, van der Molen HJ. The effect of lutropin on specific 
protein synthesis in tumour Leydig cells and in Leydig cells from immature rats. Biochem J. 
1978;172:147–53.

38.	 Alberta JA, Epstein LF, Pon LA, Orme-Johnson NR. Mitochondrial localization of a phos-
phoprotein that rapidly accumulates in adrenal cortex cells exposed to adrenocorticotropic 
hormone or to cAMP. J Biol Chem. 1989;264:2368–72.

39.	 Epstein LF, Orme-Johnson NR. Regulation of steroid hormone biosynthesis. Identification of 
precursors of a phosphoprotein targeted to the mitochondrion in stimulated rat adrenal cortex 
cells. J Biol Chem. 1991;266:19739–45.

40.	 Epstein LF, Orme-Johnson NR. Acute action of luteinizing hormone on mouse Leydig cells: 
accumulation of mitochondrial phosphoproteins and stimulation of testosterone synthesis. 
Mol Cell Endocrinol. 1991;81:113–126.

41.	 Krueger RJ, Orme-Johnson NR. Acute adrenocorticotropic hormone stimulation of adrenal 
corticosteroidogenesis. Discovery of a rapidly induced protein. J Biol Chem. 1983;258:10159–
67.

42.	 O’Farrell PH, O’Farrell PZ. Two-dimensional polyacrylamide gel electrophoretic fraction-
ation. Methods Cell Biol. 1977;16:407–20.

43.	 O’Farrell PZ, Goodman HM, O’Farrell PH. High resolution two-dimensional electrophoresis 
of basic as well as acidic proteins. Cell. 1977;12:1133–41.

44.	 Pon LA, Hartigan JA, Orme-Johnson NR. Acute ACTH regulation of adrenal corticosteroid 
biosynthesis. Rapid accumulation of a phosphoprotein. J Biol Chem. 1986;261:13309–16.

45.	 Pon LA, Orme-Johnson NR. Acute stimulation of steroidogenesis in corpus luteum and ad-
renal cortex by peptide hormones. Rapid induction of a similar protein in both tissues. J Biol 
Chem. 1986;261:6594–9.

46.	 Ascoli M. Characterization of several clonal lines of cultured Leydig tumor cells: gonadotro-
pin receptors and steroidogenic responses. Endocrinology. 1981;108:88–95.

47.	 Stocco DM. Further evidence that the mitochondrial proteins induced by hormone stimulation 
in MA-10 mouse Leydig tumor cells are involved in the acute regulation of steroidogenesis. J 
Steroid Biochem Mol Biol. 1992;43:319–33.

48.	 Stocco DM, Ascoli M. The use of genetic manipulation of MA-10 Leydig tumor cells to 
demonstrate the role of mitochondrial proteins in the acute regulation of steroidogenesis. 
Endocrinology. 1993;132:959–67.

49.	 Stocco DM, Chen W. Presence of identical mitochondrial proteins in unstimulated constitu-
tive steroid-producing R2 C rat Leydig tumor and stimulated nonconstitutive steroid-produc-
ing MA-10 mouse Leydig tumor cells. Endocrinology. 1991;128:1918–26.

50.	 Stocco DM, Kilgore MW. Induction of mitochondrial proteins in MA-10 Leydig tumour cells 
with human choriogonadotropin. Biochem J. 1988;249:95–103.

51.	 Stocco DM, King S, Clark BJ. Differential effects of dimethylsulfoxide on steroidogenesis in 
mouse MA-10 and rat R2 C Leydig tumor cells. Endocrinology. 1995;136:2993–9.

52.	 Stocco DM, Sodeman TC. The 30-kDa mitochondrial proteins induced by hormone stimula-
tion in MA-10 mouse Leydig tumor cells are processed from larger precursors. J Biol Chem. 
1991;266:19731–8.



412  The Steroidogenic Acute Regulatory Protein (StAR)

53.	 Clark BJ, Wells J, King SR, Stocco DM. The purification, cloning, and expression of a 
novel luteinizing hormone-induced mitochondrial protein in MA-10 mouse Leydig tumor 
cells. Characterization of the steroidogenic acute regulatory protein (StAR). J Biol Chem. 
1994;269:28314–22.

54.	 Lin D, Gitelman SE, Saenger P, Miller WL. Normal genes for the cholesterol side chain cleav-
age enzyme, P450scc, in congenital lipoid adrenal hyperplasia. J Clin Invest. 1991;88:1955–62.

55.	 Lin D, Sugawara T, Strauss JF, 3rd, Clark BJ, Stocco DM, Saenger P, Rogol A, Miller WL. 
Role of steroidogenic acute regulatory protein in adrenal and gonadal steroidogenesis. Sci-
ence. 1995;267:1828–31.

56.	 Caron KM, Soo SC, Wetsel WC, Stocco DM, Clark BJ, Parker KL. Targeted disruption of the 
mouse gene encoding steroidogenic acute regulatory protein provides insights into congenital 
lipoid adrenal hyperplasia. Proc Natl Acad Sci U S Am. 1997;94:11540–5.

57.	 Gucev ZS, Tee MK, Chitayat D, Wherrett DK, Miller WL. Distinguishing deficiencies in the 
steroidogenic acute regulatory protein and the cholesterol side chain cleavage enzyme causing 
neonatal adrenal failure. J Pediatr. 2013;162:819–22.

58.	 Sahakitrungruang T, Tee MK, Blackett PR, Miller WL. Partial defect in the cholesterol side-
chain cleavage enzyme P450scc (CYP11A1) resembling nonclassic congenital lipoid adrenal 
hyperplasia. J Clin Endocrinol Metab. 2011;96:792–8.

59.	 Tee MK, Abramsohn M, Loewenthal N, Harris M, Siwach S, Kaplinsky A, Markus B, Birk 
O, Sheffield VC, Pavari R, Hershkovitz E, Miller WL. Varied clinical presentations of seven 
patients with mutations in CYP11A1 encoding the cholesterol side-chain cleavage enzyme, 
P450scc. J Clin Endocrinol Metab. 2013;98:713–20.

60.	 Stocco DM. StAR protein and the regulation of steroid hormone biosynthesis. Annu Rev 
Physiol. 2001;63:193–213.

61.	 King SR, Bhangoo A, Stocco DM. Functional and physiological consequences of StAR defi-
ciency: role in lipoid congenital adrenal hyperplasia. Endocr Dev. 2011;20:47–53.

62.	 Arakane F, Sugawara T, Nishino H, Liu Z, Holt JA, Pain D, Stocco DM, Miller WL, Strauss 
JF, 3rd. Steroidogenic acute regulatory protein (StAR) retains activity in the absence of its 
mitochondrial import sequence: implications for the mechanism of StAR action. Proc Natl 
Acad Sci U S A. 93:13731–6.

63.	 Caron KM, Soo SC, Wetsel WC, Stocco DM, Clark BJ, Parker KL. Targeted disruption of the 
mouse gene encoding steroidogenic acute regulatory protein provides insights into congenital 
lipoid adrenal hyperplasia. Proc Natl Acad Sci U S A. 1997;94:11540–5.

64.	 Sasaki G, Ishii T, Jeyasuria P, Jo Y, Bahat A, Orly J, Hasegawa T, Parker KL. Complex 
role of the mitochondrial targeting signal in the function of steroidogenic acute regulatory 
protein revealed by bacterial artificial chromosome transgenesis in vivo. Mol Endocrinol. 
2008;22:951–64.

65.	 Aoyagi S, Archer TK. Dynamics of coactivator recruitment and chromatin modifications dur-
ing nuclear receptor mediated transcription. Mol Cell Endocrinol. 2008;280:1–5.

66.	 Lonard DM, O’Malley B W. Nuclear receptor coregulators: judges, juries, and executioners 
of cellular regulation. Mol Cell. 2007;27:691–700.

67.	 Rosenfeld MG, Lunyak VV, Glass CK. Sensors and signals: a coactivator/corepressor/epigen-
etic code for integrating signal-dependent programs of transcriptional response. Genes Dev. 
2006;20:1405–28.

68.	 Savkur RS, Burris TP. The coactivator LXXLL nuclear receptor recognition motif. J Pep Res. 
2004;63:207–12.

69.	 Xu L, Glass CK, Rosenfeld MG. Coactivator and corepressor complexes in nuclear receptor 
function. Curr Opin Genet, Dev. 1999;9:140–47.

70.	 Xu W, Kasper LH, Lerach S, Jeevan T, Brindle PK. Individual CREB-target genes dictate 
usage of distinct cAMP-responsive coactivation mechanisms. Embo J. 2007;26:2890–903.

71.	 Plevin MJ, Mills MM, Ikura M. The LxxLL motif: a multifunctional binding sequence in 
transcriptional regulation. Trends Biochem Sci. 2005;30:66–69.

72.	 Wysocka J, Allis CD, Coonrod S. Histone arginine methylation and its dynamic regulation. 
Front Biosci. 2006;11:344–55.



42 B. J. Clark and D. M. Stocco

73.	 Kao HY, Downes M, Ordentlich P, Evans RM. Isolation of a novel histone deacetylase re-
veals that class I and class II deacetylases promote SMRT-mediated repression. Genes Dev. 
2000;14:55–66.

74.	 Downes M, Ordentlich P, Kao HY, Alvarez JG, Evans RM. Identification of a nuclear domain 
with deacetylase activity. Proc Natl Acad Sci U S A. 2000;97:10330–5.

75.	 Alpy F, Rousseau A, Schwab Y, Legueux F, Stoll I, Wendling C, Spiegelhalter C, Kessler P, 
Mathelin C, Rio MC, Levine TP, Tomasetto C. STARD3/STARD3NL and VAP make a novel 
molecular tether between late endosomes and the ER. J Cell Sci. 2013;126:5500–12.

76.	 Hattangady NG, Olala LO, Bollag WB, Rainey WE. Acute and chronic regulation of aldoste-
rone production. Mol Cell Endocrinol. 2012;350:151–62.

77.	 Li J, Feltzer RE, Dawson KL, Hudson EA, Clark BJ. Janus kinase 2 and calcium are required 
for angiotensin II-dependent activation of steroidogenic acute regulatory protein transcription 
in H295R human adrenocortical cells. J Biol Chem. 2003;278:52355–62.

78.	 Meier RK, Clark BJ. Angiotensin II-dependent transcriptional activation of human steroido-
genic acute regulatory protein gene by a 25-kDa cAMP-responsive element modulator protein 
isoform and Yin Yang 1. Endocrinology. 2012;153:1256–68.

79.	 Nogueira EF, Bollag WB, Rainey WE. Angiotensin II regulation of adrenocortical gene tran-
scription. Mol Cell Endocrinol. 2009;302:230–6.

80.	 Nogueira EF, Rainey WE. Regulation of aldosterone synthase by activator transcription factor/
cAMP response element-binding protein family members. Endocrinology. 2010;151:1060–70.

81.	 Arakane F, King SR, Du Y, Kallen CB, Walsh LP, Watari H, Stocco DM, Strauss JF, 3rd. 
Phosphorylation of steroidogenic acute regulatory protein (StAR) modulates its steroidogenic 
activity. J Biol Chem. 1997;272:32656–62.

82.	 Baker BY, Epand RF, Epand RM, Miller WL. Cholesterol binding does not predict activity of 
the steroidogenic acute regulatory protein, StAR. J Biol Chem. 2007;282:10223–32.

83.	 Jo Y, King SR, Khan SA, Stocco DM. Involvement of protein kinase C and cyclic adenosine 
3′,5′-monophosphate-dependent kinase in steroidogenic acute regulatory protein expression 
and steroid biosynthesis in Leydig cells. Biol Reprod. 2005;73:244–55.

84.	 Clark BJ, Soo SC, Caron KM, Ikeda Y, Parker KL, Stocco DM. Hormonal and developmental 
regulation of the steroidogenic acute regulatory protein. Mol Endocrinol. 1995;9:1346–55.

85.	 Sugawara T, Lin D, Holt JA, Martin KO, Javitt NB, Miller WL, Strauss JF, 3rd. Structure of 
the human steroidogenic acute regulatory protein (StAR) gene: StAR stimulates mitochon-
drial cholesterol 27-hydroxylase activity. Biochemistry. 1995;34:12506–12.

86.	 Honda S, Morohashi K, Nomura M, Takeya H, Kitajima M, Omura T. Ad4BP regulating 
steroidogenic P-450 gene is a member of steroid hormone receptor superfamily. J Biol Chem. 
1993;268:7494–502.

87.	 Lala DS, Rice DA, Parker KL. Steroidogenic factor I, a key regulator of steroidogenic enzyme 
expression, is the mouse homolog of fushi tarazu-factor I. Mol Endocrinol. 1992;6:1249–58.

88.	 Luo X, Ikeda Y, Parker KL. A cell-specific nuclear receptor is essential for adrenal and go-
nadal development and sexual differentiation. Cell. 1994;77:481–90.

89.	 Morohashi K, Zanger UM, Honda S, Hara M, Waterman MR, Omura T. Activation of CY-
P11A and CYP11B gene promoters by the steroidogenic cell-specific transcription factor, 
Ad4BP. Mol Endocrinol. 1993;7:1196–204.

90.	 Hoivik EA, Bjanesoy TE, Bakke M. Epigenetic regulation of the gene encoding steroidogenic 
factor-1. Mol Cell Endocrinol. 2013;371:133–9.

91.	 Hoivik EA, Witsoe SL, Bergheim IR, Xu Y, Jakobsson I, Tengholm A, Doskeland SO, Bakke 
M. DNA methylation of alternative promoters directs tissue specific expression of epac2 iso-
forms. PLoS One. 2013;8:e67925.

92.	 Parker KL, Rice DA, Lala DS, Ikeda Y, Luo X, Wong M, Bakke M, Zhao L, Frigeri C, Hanley 
NA, Stallings N, Schimmer BP. Steroidogenic factor. 1: an essential mediator of endocrine 
development. Recent Prog Horm Res. 2002;57:19–36.

93.	 Xu B, Yang W-H, Gerin I, Hu C-D, Hammer GD, Koenig RJ. Dax-1 and steroid receptor RNA 
activator (SRA) function as transcriptional coactivators for steroidogenic factor 1 in steroido-
genesis. Mol Cell Biol. 2009;29:1719–34.



432  The Steroidogenic Acute Regulatory Protein (StAR)

  94.	 Schimmer BP, White PC. Minireview: steroidogenic factor. 1: its roles in differentiation, 
development, and disease. Mol Endocrinol. 2010;24:1322–37.

  95.	 Giguere V. Orphan nuclear receptors: from gene to function. Endocr Rev. 1999;20:689–725.
  96.	 Davis IJ, Lau LF. Endocrine and neurogenic regulation of the orphan nuclear receptors 

Nur77 and Nurr-1 in the adrenal glands. Mol Cell Biol. 1994;14:3469–83.
  97.	 Li W, Amri H, Huang H, Wu C, Papadopoulos V. Gene and protein profiling of the response 

of MA-10 Leydig tumor cells to human chorionic gonadotropin. J Androl. 2004;25:900–13.
  98.	 Martin LJ, Tremblay JJ. The human 3beta-hydroxysteroid dehydrogenase/Delta5-Delta4 

isomerase type 2 promoter is a novel target for the immediate early orphan nuclear receptor 
Nur77 in steroidogenic cells. Endocrinology. 2005;146:861–9.

  99.	 Bassett MH, Suzuki T, Sasano H, White PC, Rainey WE. The orphan nuclear receptors NURR1 
and NGFIB regulate adrenal aldosterone production. Mol Endocrinol. 2004;18:279–90.

100.	 Havelock JC, Smith AL, Seely JB, Dooley CA, Rodgers RJ, Rainey WE, Carr BR. The 
NGFI-B family of transcription factors regulates expression of 3beta-hydroxysteroid dehy-
drogenase type 2 in the human ovary. Mol Hum Reprod. 2005;11:79–85.

101.	 Martin LJ, Taniguchi H, Robert NM, Simard J, Tremblay JJ, Viger RS. GATA factors and the 
nuclear receptors, steroidogenic factor 1/liver receptor homolog 1, are key mutual partners 
in the regulation of the human 3beta-hydroxysteroid dehydrogenase type 2 promoter. Mol 
Endocrinol. 2005;19:2358–70.

102.	 Martin LJ, Tremblay JJ. The nuclear receptors NUR77 and SF1 play additive roles with c-JUN 
through distinct elements on the mouse Star promoter. J Mol Endocrinol. 2009;42:119–29.

103.	 Abdou HS, Villeneuve G, Tremblay JJ. The calcium signaling pathway regulates leydig cell 
steroidogenesis through a transcriptional cascade involving the nuclear receptor NR4A1 and 
the steroidogenic acute regulatory protein. Endocrinology. 2013;154:511–20.

104.	 Martin LJ, Boucher N, Brousseau C, Tremblay JJ. The orphan nuclear receptor NUR77 regu-
lates hormone-induced StAR transcription in Leydig cells through cooperation with Ca2+/
calmodulin-dependent protein kinase I. Mol Endocrinol. 2008;22:2021–37.

105.	 Nogueira EF, Xing Y, Morris CA, Rainey WE. Role of angiotensin II-induced rapid response 
genes in the regulation of enzymes needed for aldosterone synthesis. J Mol Endocrinol. 
2009;42:319–30.

106.	 Sugawara T, Holt JA, Kiriakidou M, Strauss JF, 3rd. Steroidogenic factor 1-dependent pro-
moter activity of the human steroidogenic acute regulatory protein (StAR) gene. Biochemis-
try. 1996;35:9052–9.

107.	 Clark BJ, Combs R. Angiotensin II and cyclic adenosine 3′,5′-monophosphate induce hu-
man steroidogenic acute regulatory protein transcription through a common steroidogenic 
factor-1 element. Endocrinology. 1999;140:4390–8.

108.	 Sugawara T, Kiriakidou M, McAllister JM, Kallen CB, Strauss JF, 3rd. Multiple steroido-
genic factor 1 binding elements in the human steroidogenic acute regulatory protein gene 
5′-flanking region are required for maximal promoter activity and cyclic AMP responsive-
ness. Biochemistry. 1997;36:7249–55.

109.	 Sugawara T, Saito M, Fujimoto S. Sp1 and SF-1 interact and cooperate in the regula-
tion of human steroidogenic acute regulatory protein gene expression. Endocrinology. 
2000;141:2895–903.

110.	 Sugawara T, Sakuragi N, Minakami H. CREM confers cAMP responsiveness in human ste-
roidogenic acute regulatory protein expression in NCI-H295R cells rather than SF-1/Ad4BP. 
J Endocrinol. 2006;191:327–37.

111.	 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;13:2235–46.

112.	 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;275:38949–52.

113.	 Zaytouni T, Efimenko EE, Tevosian S. GATA transcription factors in the developing repro-
ductive system. Adv Genet. 2011;76:93–134.



44 B. J. Clark and D. M. Stocco

114.	 Manna PR, Dyson MT, Stocco DM. Regulation of the steroidogenic acute regulatory protein 
gene expression: present and future perspectives. Mol Hum Reprod. 2009;15:321–33.

115.	 Manna PR, Dyson MT, Stocco DM. Role of basic leucine zipper proteins in transcrip-
tional regulation of the steroidogenic acute regulatory protein gene. Mol Cell Endocrinol. 
2009;302:1–11.

116.	 Murphy NC, Biankin AV, Millar EK, McNeil CM, O’Toole SA, Segara D, Crea P, Olay-
ioye MA, Lee CS, Fox SB, Morey AL, Christie M, Musgrove EA, Daly RJ, Lindeman GJ, 
Henshall SM, Visvader JE, Sutherland RL. Loss of STARD10 expression identifies a group 
of poor prognosis breast cancers independent of HER2/Neu and triple negative status. Int J 
Cancer. 2009;126:1445–53.

117.	 Altarejos JY, Montminy M. CREB and the CRTC co-activators: sensors for hormonal and 
metabolic signals. Nat Rev Mol Cell Biol. 2011;12:141–51.

118.	 Della Fazia MA, Servillo G, Sassone-Corsi P. Cyclic AMP signalling and cellular prolifera-
tion: regulation of CREB and CREM. FEBS Lett. 1997;410:22–4.

119.	 Hummler E, Cole TJ, Blendy JA, Ganss R, Aguzzi A, Schmid W, Beermann F, Schutz G. 
Targeted mutation of the CREB gene: compensation within the CREB/ATF family of tran-
scription factors. Proc Natl Acad Sci U S A. 1994;91:5647–51.

120.	 Meyer TE, Habener JF. Cyclic AMP response element binding protein CREB and modulator 
protein CREM are products of distinct genes. Nucleic Acids Res. 1992;20:6106.

121.	 Sassone-Corsi P. CREM: a master-switch regulating the balance between differentiation and 
apoptosis in male germ cells. Mol Reprod Dev. 2000;56:228–9.

122.	 Clem BF, Hudson EA, Clark BJ. Cyclic adenosine 3′,5′-monophosphate (cAMP) enhances 
cAMP-responsive element binding (CREB) protein phosphorylation and phospho-CREB in-
teraction with the mouse steroidogenic acute regulatory protein gene promoter. Endocrinol-
ogy. 2005;146:1348–56.

123.	 Manna PR, Dyson MT, Eubank DW, Clark BJ, Lalli E, Sassone-Corsi P, Zeleznik AJ, Stocco 
DM. Regulation of steroidogenesis and the steroidogenic acute regulatory protein by a member 
of the cAMP response-element binding protein family. Mol Endocrinol. 2002;16:184–99.

124.	 Angel P, Karin M. The role of Jun, Fos and the AP-1 complex in cell-proliferation and trans-
formation. Biochim Biophys Acta 1991;1072:129–57.

125.	 Hai T, Curran T. Cross-family dimerization of transcription factors Fos/Jun and ATF/CREB 
alters DNA binding specificity. Proc Natl Acad Sciences U S A. 1991;88:3720–4.

126.	 O’Shea EK, Rutkowski R, Kim PS. Mechanism of specificity in the Fos-Jun oncoprotein 
heterodimer. Cell. 1992;68:699–708.

127.	 Manna PR, Eubank DW, Stocco DM. Assessment of the role of activator protein-1 on 
transcription of the mouse steroidogenic acute regulatory protein gene. Mol Endocrinol. 
2004;18:558–73.

128.	 Manna PR, Stocco DM. Crosstalk of CREB and Fos/Jun on a single cis-element: transcrip-
tional repression of the steroidogenic acute regulatory protein gene. J Mol Endocrinol. 
2007;39:261–77.

129.	 Manna PR, Stocco DM. The role of JUN in the regulation of PRKCC-mediated STAR ex-
pression and steroidogenesis in mouse Leydig cells. J Mol Endocrinol. 2008;41:329–41.

130.	 Shea-Eaton W, Sandhoff TW, Lopez D, Hales DB, McLean MP. Transcriptional repression 
of the rat steroidogenic acute regulatory (StAR) protein gene by the AP-1 family member 
c-Fos. Mol Cell Endocrinol. 2002;188:161–70.

131.	 Rincon Garriz JM, Suarez C, Capponi AM. c-Fos mediates angiotensin ii-induced aldoste-
rone production and protein synthesis in bovine adrenal glomerulosa cells. Endocrinology. 
2009;150:1294–302.

132.	 Osada S, Yamamoto H, Nishihara T, Imagawa M. DNA binding specificity of the CCAAT/
enhancer-binding protein transcription factor family. J Biol Chem. 1996;271:3891–6.

133.	 Grimm SL, Rosen JM. The role of C/EBPbeta in mammary gland development and breast 
cancer. J Mammary Gland Biol Neoplasia. 2003;8:191–204.

134.	 Lekstrom-Himes J, Xanthopoulos KG. Biological role of the CCAAT/enhancer-binding pro-
tein family of transcription factors. J Biol Chemi. 1998;273:28545–8.



452  The Steroidogenic Acute Regulatory Protein (StAR)

135.	 Ramji DP, Foka P. CCAAT/enhancer-binding proteins: structure, function and regulation. 
Biochem J. 2002;365:561–75.

136.	 Nalbant D, Williams SC, Stocco DM, Khan S. Luteinizing hormone-dependent gene regula-
tion in Leydig cells may be mediated by CCAAT/enhancer-binding protein-β. Endocrinol-
ogy. 1998;139:272–9.

137.	 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;274:17987–96.

138.	 Silverman E, Yivgi-Ohana N, Sher N, Bell M, Eimerl S, Orly J. Transcriptional activation 
of the steroidogenic acute regulatory protein (StAR) gene: GATA-4 and CCAAT/enhancer-
binding protein beta confer synergistic responsiveness in hormone-treated rat granulosa and 
HEK293 cell models. Mol Cell Endocrinol. 2006;252:92–101.

139.	 Reinhart AJ, Williams SC, Clark BJ, Stocco DM. SF-1 (steroidogenic factor-1) and C/EBP 
beta (CCAAT/enhancer binding protein-beta) cooperate to regulate the murine StAR (ste-
roidogenic acute regulatory) promoter. Mol Endocrinol. 1999;13:729–41.

140.	 Tremblay JJ, Hamel F, Viger RS. Protein kinase A-dependent cooperation between GATA 
and CCAAT/enhancer-binding protein transcription factors regulates steroidogenic acute 
regulatory protein promoter activity. Endocrinology. 2002;143:3935–45.

141.	 Yivgi-Ohana N, Sher N, Melamed-Book N, Eimerl S, Koler M, Manna PR, Stocco DM, Orly 
J. Transcription of steroidogenic acute regulatory protein in the rodent ovary and placenta: 
alternative modes of cyclic adenosine 3′, 5′-monophosphate dependent and independent 
regulation. Endocrinology. 2009;150:977–89.

142.	 Hiroi H, Christenson LK, Chang L, Sammel MD, Berger SL, Strauss JF, 3rd. Temporal and 
spatial changes in transcription factor binding and histone modifications at the steroidogenic 
acute regulatory protein (stAR) locus associated with stAR transcription. Mol Endocrinol. 
2004;18:791–806.

143.	 Clem BF, Clark BJ. Association of the mSin3A-histone deacetylase 1/2 corepressor complex 
with the mouse steroidogenic acute regulatory protein gene. Mol Endocrinol. 2006;20:100–113.

144.	 Ito M, Yu R, Jameson JL. DAX-1 inhibits SF-1-mediated transactivation via a carboxy-termi-
nal domain that is deleted in adrenal hypoplasia congenita. Mol Cell Biol. 1997;17:1476–83.

145.	 Ahn SW, Gang G-T, Kim YD, Ahn R-S, Harris RA, Lee C-H, Choi H-S. Insulin directly 
regulates steroidogenesis via induction of the orphan nuclear receptor DAX-1 in testicular 
Leydig cells. J Biol Chem. 2013;288:15937–46.

146.	 Jo Y, Stocco DM. Regulation of Steroidogenesis and steroidogenic acute regulatory protein 
in R2 C cells by DAX-1 (dosage-sensitive sex reversal, adrenal hypoplasia congenita, criti-
cal region on the X chromosome, gene-1). Endocrinology. 2004;145:5629–37.

147.	 Manna PR, Dyson MT, Jo Y, Stocco DM. Role of dosage-sensitive sex reversal, adrenal 
hypoplasia congenita, critical region on the X chromosome, gene 1 in protein kinase A- and 
protein kinase C-mediated regulation of the steroidogenic acute regulatory protein expres-
sion in mouse Leydig tumor cells: mechanism of action. Endocrinology. 2009;150:187–99.

148.	 Shimizu T, Sudo N, Yamashita H, Murayama C, Miyazaki H, Miyamoto A. Histone H3 
acetylation of StAR and decrease in DAX-1 is involved in the luteinization of bovine granu-
losa cells during in vitro culture. Mol Cell Biochem. 2009;328:41–7.

149.	 Li W, Pandey AK, Yin X, Chen JJ, Stocco DM, Grammas P, Wang X. Effects of apigenin on 
steroidogenesis and steroidogenic acute regulatory gene expression in mouse Leydig cells. J 
Nutr Biochem. 2011;22:212–8.

150.	 Pandey AK, Li W, Yin X, Stocco DM, Grammas P, Wang X. Blocking L-type calcium chan-
nels reduced the threshold of cAMP-induced steroidogenic acute regulatory gene expression 
in MA-10 mouse Leydig cells. J Endocrinol. 2010;204:67–74.

151.	 Yu C-C, Li P-H. In vivo inhibition of steroidogenic acute regulatory protein expression by 
dexamethasone parallels induction of the negative transcription factor DAX-1. Endocrine. 
2006;30:313–23.

152.	 Ragazzon B, Lefrançois-Martinez A-M, Val P, Sahut-Barnola I, Tournaire C, Chambon C, 
Gachancard-Bouya J-L, Begue R-J, Veyssière G, Martinez A. Adrenocorticotropin-dependent  



46 B. J. Clark and D. M. Stocco

changes in SF-1/DAX-1 ratio influence steroidogenic genes expression in a novel model 
of glucocorticoid-producing adrenocortical cell lines derived from targeted tumorigenesis. 
Endocrinology. 2006;147:1805–18.

153.	 Sandhoff TW, McLean MP. Repression of the rat steroidogenic acute regulatory (StAR) 
protein gene by PGF2alpha is modulated by the negative transcription factor DAX-1. Endo-
crine. 1999;10:83–91.

154.	 Zazopoulos E, Lalli E, Stocco DM, Sassone-Corsi P. DNA binding and transcriptional re-
pression by DAX-1 blocks steroidogenesis. Nature. 1997;390:311–5.

155.	 Tajima K, Dantes A, Yao Z, Sorokina K, Kotsuji F, Seger R, Amsterdam A. Down-regulation 
of steroidogenic response to gonadotropins in human and rat preovulatory granulosa cells in-
volves mitogen-activated protein kinase activation and modulation of DAX-1 and steroido-
genic factor-1. J Clin Endocrinol Metab. 2003;88:2288–99.

156.	 Ehrlund A, Anthonisen EH, Gustafsson N, Venteclef N, Robertson Remen K, Damdimopou-
los AE, Galeeva A, Pelto-Huikko M, Lalli E, Steffensen KR, Gustafsson J-Å, Treuter E. E3 
ubiquitin ligase RNF31 cooperates with DAX-1 in transcriptional repression of steroidogen-
esis. Mol Cell Biol. 2009;29:2230–42.

157.	 Shibata H, Kurihara I, Kobayashi S, Yokota K, Suda N, Saito I, Saruta T. Regulation of 
differential COUP-TF-coregulator interactions in adrenal cortical steroidogenesis. J Steroid 
Biochem Mol Biol. 2003;85:449–56.

158.	 Shibata H, Ikeda Y, Mukai T, Morohashi K, Kurihara I, Ando T, Suzuki T, Kobayashi S, 
Murai M, Saito I, Saruta T. Expression profiles of COUP-TF, DAX-1, and SF-1 in the hu-
man adrenal gland and adrenocortical tumors: possible implications in steroidogenesis. Mol 
Genet Metab. 2001;74:206–16.

159.	 Bakke M, Lund J. Mutually exclusive interactions of two nuclear orphan receptors deter-
mine activity of a cyclic adenosine 3′,5′-monophosphate-responsive sequence in the bovine 
CYP17 gene. Mol Endocrinol. 1995;9:327–39.

160.	 Buholzer CF, Arrighi JF, Abraham S, Piguet V, Capponi AM, Casal AJ. Chicken ovalbumin 
upstream promoter-transcription factor (COUP-TF) is a negative regulator of steroidogen-
esis in bovine adrenal glomerulosa cells. Mol Endocrinol. 2004;19:65–75.

161.	 Osman H, Murigande C, Nadakal A, Capponi AM. Repression of DAX-1 and induction of 
SF-1 expression. Two mechanisms contributing to the activation of aldosterone biosynthesis 
in adrenal glomerulosa cells. J Biol Chem. 2002;277:41259–67.

162.	 Pisarska MD, Bae J, Klein C, Hsueh AJ. Forkhead L2 is expressed in the ovary and re-
presses the promoter activity of the steroidogenic acute regulatory gene. Endocrinology. 
2004;145:3424–33.

163.	 Nackley AC, Shea-Eaton W, Lopez D, McLean MP. Repression of the steroidogenic acute 
regulatory gene by the multifunctional transcription factor Yin Yang 1. Endocrinology. 
2002;143:1085–96.

164.	 Liu Q, Merkler KA, Zhang X, McLean MP. Prostaglandin F2{alpha} suppresses rat ste-
roidogenic acute regulatory protein expression via induction of Yin Yang 1 protein and re-
cruitment of histone deacetylase 1 protein. Endocrinology. 2007;148:5209–19.

165.	 Ariyoshi N, Kim YC, Artemenko I, Bhattacharyya KK, Jefcoate CR. Characterization of 
the rat Star gene that encodes the predominant 3.5-kilobase pair mRNA. ACTH stimula-
tion of adrenal steroids in vivo precedes elevation of Star mRNA and protein. J Biol Chem. 
1998;273:7610–19.

166.	 Sandhoff TW, McLean MP. Hormonal regulation of steroidogenic acute regulatory (StAR) 
protein messenger ribonucleic acid expression in the rat ovary. Endocrine. 1996;4:259–67.

167.	 Cherradi N, Brandenburger Y, Rossier MF, Vallotton MB, Stocco DM, Capponi AM. Atrial 
natriuretic peptide inhibits calcium-induced steroidogenic acute regulatory protein gene 
transcription in adrenal glomerulosa cells. Mol Endocrinol. 1998;12:962–72.

168.	 Hartung S, Rust W, Balvers M, Ivell R. Molecular cloning and in vivo expression of the bovine 
steroidogenic acute regulatory protein. Biochem Biophys Res Commun. 1995;215:646–53.

169.	 Burrows JAJ, Willis LK, Perlmutter DH. Chemical chaperones mediate increased secretion of 
mutant α1-antitrypsin (α1-AT) Z: a potential pharmacological strategy for prevention of liver 
injury and emphysema in α1-AT deficiency. Proc Natl Acad Sci U S A. 2000;97:1796–801.



472  The Steroidogenic Acute Regulatory Protein (StAR)

170.	 Duan H, Cherradi N, Feige JJ, Jefcoate C. cAMP-dependent posttranscriptional regulation of 
steroidogenic acute regulatory (STAR) protein by the zinc finger protein ZFP36L1/TIS11b. 
Mol Endocrinol. 2009;23:497–509.

171.	 Duan H, Jefcoate CR. The predominant cAMP-stimulated 3 × 5 kb StAR mRNA contains 
specific sequence elements in the extended 3′UTR that confer high basal instability. J Mol 
Endocrinol. 2007;38:159–79.

172.	 Zhao D, Duan H, Kim YC, Jefcoate CR. Rodent StAR mRNA is substantially regulated by 
control of mRNA stability through sites in the 3′-untranslated region and through coupling 
to ongoing transcription. J Steroid Biochem Mol Biol. 2005;96:155–73.

173.	 Jefcoate CR, Lee J, Cherradi N, Takemori H, Duan H. cAMP stimulation of StAR expression 
and cholesterol metabolism is modulated by co-expression of labile suppressors of transcrip-
tion and mRNA turnover. Mol Cell Endocrinol. 2011;336:53–62.

174.	 Grozdanov PN, Stocco DM. Short RNA molecules with high binding affinity to the KH 
motif of A-kinase anchoring protein 1 (AKAP1): implications for the regulation of steroido-
genesis. Mol Endocrinol. 2012;26:2104–17.

175.	 Ginsberg MD, Feliciello A, Jones JK, Avvedimento EV, Gottesman ME. PKA-dependent 
Binding of mRNA to the Mitochondrial AKAP121 Protein. J Mol Biol. 2003;327:885–97.

176.	 Feliciello A, Gottesman ME, Avvedimento EV. The biological functions of A-kinase anchor 
proteins. J Mol Biol. 2001;308:99–114.

177.	 Liu J, Rone MB, Papadopoulos V. Protein-protein interactions mediate mitochondrial cho-
lesterol transport and steroid biosynthesis. J Biol Chem. 2006;281:38879–93.

178.	 Dyson MT, Jones JK, Kowalewski MP, Manna PR, Alonso M, Gottesman ME, Stocco DM. 
Mitochondrial A-kinase anchoring protein 121 binds type II protein kinase A and enhances 
steroidogenic acute regulatory protein-mediated steroidogenesis in MA-10 mouse leydig tu-
mor cells. Biol Reprod. 2008;78:267–77.


	Chapter-2
	The Steroidogenic Acute Regulatory Protein (StAR)
	Introduction
	StAR Perspectives: A History of the Discovery of StAR by Douglas M. Stocco
	StAR (STARD1) Overview

	Basic Mechanisms for Transcription Initiation
	Hormonal Regulation of Steroidogenesis and StAR Function
	StAR Gene Structure
	Zinc-Finger Transcription Factors Involved in StAR Gene Expression
	bZIP Transcription Factors Involved in cAMP-Dependent StAR Gene Expression
	Model for cAMP-PKA-Dependent Activation of STAR Transcription
	Repression of StAR Transcription
	Post-Transcriptional Regulation of StAR Expression
	Summary
	References





