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A B S T R A C T

The steroidogenic acute regulatory (StAR) protein regulates the rate-limiting step in steroidogenesis, i.e.
the delivery of cholesterol from the outer (OMM) to the inner (IMM) mitochondrial membrane. StAR is
a 37-kDa protein with an N-terminal mitochondrial targeting sequence that is cleaved off during mito-
chondrial import to yield 30-kDa intramitochondrial StAR. StAR acts exclusively on the OMM and its activity
is proportional to how long it remains on the OMM. However, the precise fashion and the molecular mech-
anism in which StAR remains on the OMM have not been elucidated yet. In this work we will discuss
the role of mitochondrial fusion and StAR phosphorylation by the extracellular signal-regulated kinases
1/2 (ERK1/2) as part of the mechanism that regulates StAR retention on the OMM and activity.

© 2014 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The regulation of steroidogenesis is predominantly controlled
by pituitary-synthesized trophic hormones, the luteinizing (LH)
(Dufau, 1998), the follicule-stimulating (FSH) and adrenocortico-
tropin hormones (ACTH), angiotensin II (Ang II) (Gallo-Payet and
Battista, 2014; Manna and Stocco, 2005) and many other factors,
such as cytokines (Bornstein et al., 2004; Haidan et al., 2000) and
growth factors (Manna and Stocco, 2005). Normal function of both
ovary and testis is long recognized to be dependent on LH and FSH.
Primarily, LH acts on internal theca in the ovary and in Leydig cells
in the testis, while FSH regulates the function of granulosa cells in
the ovary and Sertoli in the testis. Ang II is considered to be the main
hormonal stimulus of the zona glomerulosa, whereas ACTH is the
main stimulus of both zona fasciculata and reticularis of the adrenal
cortex.

Abbreviations: StAR, steroidogenic acute regulatory; OMM, outer mitochondrial
membrane; IMM, inner mitochondrial membrane; ERK1/2, extracellular signal-
regulated kinases 1/2; LH, luteinizing hormone; FSH, follicle-stimulating hormone;
ACTH, adrenocorticotropin hormone; Ang II, angiotensin II; hCG, human chorionic
gonadotropin; CAH, congenital adrenal hyperplasia; PKA, cAMP-dependent protein
kinase A; PKC, protein kinase C; IMS, mitochondrial intramembranous space; VDAC1,
voltage dependent anion channel; ATAD3a, ATPase family AAA domain containing
3A; MAPKs, mitogen activated protein kinases; AKAPs, A-kinase anchor proteins;
8Br-cAMP, 8-bromoadenosine 3′,5′-cyclic monophosphate; MKP, mitogen-activated
protein kinase phosphatase; pERK, phospho-ERK; GST, glutathione S-transferase;
MEK1/2, mitogen-activated protein kinase kinase 1/2; SHP2, src homology
2-containing phosphotyrosine phosphatase 2; ACSL4, Acyl-CoA synthetase 4; AA,
arachidonic acid; AA-CoA, arachidonoyl-CoA; PP2A, serine/threonine 2A; Mfn,
mitofusin; ER, endoplasmic reticulum; OPA1, optic atrophy 1; MAM, mitochondria
associated membrane; Drp1, dynamin related protein 1.
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The classical mechanism utilized in trophic hormone-responsive
steroid synthesis consists of an increase in the activation of a second
messenger, which in turn, triggers a regulatory cascade resulting
in the mobilization and delivery of cholesterol from the outer (OMM)
to the inner (IMM) mitochondrial membrane (Crivello and Jefcoate,
1980; Privalle et al., 1983). Indeed, intramitochondrial cholesterol
transport is the rate-limiting and regulating step in steroidogen-
esis, and is dependent on de novo protein synthesis, as inhibitors
of protein synthesis have been shown to decrease the steroido-
genic response (Davis and Garren, 1968; Ferguson, 1963).

This review will focus on the current level of understanding con-
cerning the regulation of cholesterol transport and the role of protein
phosphorylation with a view to prospective research. It will discuss
viewpoints that may help to unravel the mechanisms governing Ste-
roidogenic Acute Regulatory protein (StAR) retention in the OMM
and steroidogenesis.

2. Steroidogenic Acute Regulatory protein (StAR)

StAR protein was discovered in search of the factor that trig-
gers the rate-limiting and regulating step in acute steroidogenesis
(Alberta et al., 1989; Krueger and Orme-Johnson, 1983; Pon et al.,
1986; Stocco and Sodeman, 1991). The purification of the protein
and the cloning and sequencing of the murine cDNA were accom-
plished in 1994 (Clark et al., 1994). In the following years, both the
mouse and human structural genes for StAR and this amino acidic
sequence (284 residues in mouse, 285 residues in human) were iso-
lated and characterized (Clark et al., 1994; Sugawara et al., 1995).
These characterizations allowed for the study of transcription reg-
ulation and structural analysis of StAR.

An analysis of several publications on the matter reveals a close
correlation between StAR gene tissue-specific expression and tissue
capacity to produce steroids, which indicates StAR specific role in
steroidogenesis. Transient transfection experiments demon-
strated that StAR cDNA-derived protein expression in MA-10 cells
increased steroid synthesis in the absence of LH or human chori-
onic gonadotropin (hCG). In addition, transient transfection of COS-1
cells with StAR cDNA increased the conversion of cholesterol to preg-
nenolone (Lin et al., 1995; Stocco and Clark, 1996; Sugawara et al.,
1995).

The crucial role of StAR in the regulation of steroidogenesis has
been inferred from patients suffering from lipoid congenital adrenal
hyperplasia (lipoid CAH), an autosomal recessive disorder in which
both adrenal and gonadal steroid biosynthesis is severely im-
paired due to mutations in the StAR gene (Bose et al., 1996; Lin et al.,
1995). The targeted disruption of the StAR gene in mice resulted
in a phenotype that is essentially identical to that found in lipoid
CAH in humans (Caron et al., 1997; Hasegawa et al., 2000). StAR ex-
pression, activation and extinction are regulated by protein kinase
A (PKA), protein kinase C (PKC), as well as a host of other signal-
ing pathways (Manna and Stocco, 2005; Stocco and Clark, 1996).

3. The role of StAR in acute steroidogenic response: retention
in the OMM and steroidogenesis

StAR mechanism of action has been extensively studied, al-
though its complete understanding remains elusive. StAR is
synthesized as a 37-kDa protein, imported into mitochondria via
a typical mitochondrial leader sequence and cleaved to a 30-kDa
intramitochondrial form (Allen et al., 2006; Granot et al., 2007a;
Jefcoate, 2002; Miller, 2013). Upon reaching the matrix, the 30-
kDa StAR is degraded, with a half-life of 4–5 hours (Granot et al.,
2007a; Midzak et al., 2011). Inside the matrix, StAR protein levels
are controlled by the ATP-dependent Lon protease (Granot et al.,
2007b). It has been recently pointed out that acute accumulation
of StAR protein in the matrix provokes a “mitochondria to nucleus”

signaling which, in turn, activates selected transcription of genes
encoding mitochondrial proteases relevant for enhanced clear-
ance of StAR (Bahat et al., 2014). Moreover, we have observed that
the presence of mitochondrial extracellular signal-regulated kinases
(ERK) is strictly necessary for protecting StAR from unknown pro-
teases to avoid further degradation, which constitutes one of the
mechanisms involved in the regulation of mitochondrial StAR levels
(Duarte et al., 2014).

It was initially suggested that 37-kDa StAR is a “precursor”
and that 30-kDa StAR is the biologically active “mature form”.
Crystallography has indicated that 30-kDa StAR acts in the intra-
membranous space (IMS) to shuttle cholesterol from the OMM to
the IMM (Tsujishita and Hurley, 2000). Additional data have also
proposed that IMM proteolysis in adrenal cells is essential in cho-
lesterol fluxes, with a role of StAR in the IMM (Artemenko et al.,
2001; Jefcoate, 2002). In addition, it has been shown that disrupt-
ing mitochondrial membrane potential (ΔΨm) prevents the
appearance of 30-kDa StAR in the mitochondria and inhibits ste-
roidogenesis, which suggests that StAR import into the mitochondrial
matrix and its subsequent processing are necessary for normal ste-
roidogenesis (Allen et al., 2006; Artemenko et al., 2001; Granot et al.,
2007a).

However, deletion of 62 N-terminal amino acids results in a cy-
toplasmic form of StAR (N-62 StAR) which retains complete activity
and appears to interact with the OMM (Black et al., 1994; Miller,
2007). Moreover, when expressed in cytoplasm or added to mito-
chondria in vitro, both the 37- and 30-kDa StAR forms are equally
active (Arakane et al., 1996).

It was suggested that StAR mitochondrial leader serves to target
the C-terminus of StAR to unidentified receptors or effectors on the
OMM, i.e. that the mitochondrial import machinery is important in
increasing the local effective concentration of StAR on the OMM,
thus transiently augmenting StAR action before it is terminated by
StAR import into the mitochondria (Arakane et al., 1998; Miller and
Strauss, 1999). This model suggests that the active form of StAR is
a partially unfolded form, where an N-terminal domain enters the
mitochondria, whereas the partially unfolded molten globule form
of the C-terminus interacts with the OMM. Direct evidence has been
presented that StAR exists as such a molten globule. Limited pro-
teolysis has identified an N-terminal domain that retains a significant
degree of structure, while the C-terminal domain is less tightly folded
at the low pH that StAR may experience at the mitochondrial mem-
brane. These data suggest that this tightly folded N-terminal domain
makes StAR pause as it enters the mitochondria, increasing the op-
portunity for the C-terminus to exert its activity.

StAR is constitutively active when immobilized on the OMM, but
it is inactive when localized to the IMS or to the matrix (Bose et al.,
2002). Cells expressing StAR immobilized on the outside of the OMM
by fusion to the C-terminus of Tom20 achieve maximal constitu-
tive steroidogenesis, while StAR bound to Tim9 in the IMS is inactive.
The Tim9/StAR protein was found to be active with steroidogenic
mitochondria in vitro, which shows that this protein was inactive
in transfected cells because of its IMM location, not because of its
structure. Similarly, StAR was also inactive when localized in the
mitochondrial matrix (Bose et al., 2002).

Mitochondrial protein-import assays of StAR with a modified
leader peptide confirmed that StAR acts exclusively on the OMM:
slowing down StAR mitochondrial entry produces an increase in ac-
tivity, whereas speeding its entry up generates a decrease. Again,
StAR activity was determined by its occupancy time on the OMM.

These data further demonstrate that StAR acts exclusively on the
OMM (Arakane et al., 1996; Bose et al., 2002), and its activity in pro-
moting steroidogenesis is proportional to its residency time in such
location (Bose et al., 2002). Thus, it is StAR cellular localization, not
its cleavage, that determines whether it is active or not. StAR has
a sterol-binding pocket that accommodates a single molecule of
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cholesterol (Tsujishita and Hurley, 2000), and the interaction of StAR
with the OMM involves conformational changes (Baker et al., 2005;
Bose et al., 1999) necessary for StAR to accept and discharge cho-
lesterol molecules.

Although N-62 StAR does not enter the mitochondria, immuno-
electron microscopy has shown that relatively few StAR molecules
are associated with the OMM (Arakane et al., 1996, 1998). These
few molecules would be thus required to transport several choles-
terol molecules, while StAR only binds one. This suggests that StAR
should transport more than one cholesterol molecule before en-
tering the mitochondria and be processed.

To mediate cholesterol transport to the IMM, StAR interacts with
the voltage dependent anion channel (VDAC1) in the OMM and also
interacts with the ATPase family AAA domain containing 3A
(ATAD3a) protein in the IMM, forming a core of a larger multi-
protein complex that mediates cholesterol import (Bose et al., 2008;
Martin et al., 2014; Papadopoulos and Miller, 2012; Rone et al., 2012)
(Fig. 1). These data are in agreement with mitochondrial mem-
brane contact sites formation to facilitate StAR cholesterol delivery
to the IMM (Stocco and Clark, 1996). Nevertheless it remains unclear
which role each protein plays in the mitochondrial import of cho-
lesterol. In this regard, the role of the translocator protein 18 kDa
(TSPO), included in the mitochondrial protein complex, has been
questioned and even discarded from the cholesterol transport mech-
anism (Morohaku et al., 2013).

Despite the numerous studies that have further established that
StAR acts on the OMM, the mechanisms governing StAR retention
on the OMM and steroidogenesis remain unclear.

4. Functional phosphorylation of StAR by PKA and ERK

In all steroidogenic tissues, phosphorylation-dependent events
are required for the acute stimulation of steroid biosynthesis through
the activation of protein kinases. Among those are PKA, PKC, the
calcium/calmodulin-dependent protein kinase and the mitogen ac-
tivated protein kinases (MAPKs). In this way, hormones, ions or
growth factors modulate steroid biosynthesis by the post-
translational phosphorylation of proteins.

Protein phosphorylation is an integral component of signal trans-
duction pathways within eukaryotic cells and is regulated by the
fine interplay of protein kinases and phosphatases. In turn, numer-
ous cellular responses are regulated by the reversible
phosphorylation of serine (Ser), threonine (Thr) and tyrosine (Tyr)
residues. Although StAR has been recognized as a phosphoprotein
for many years now, the regulation of StAR phosphorylation by dif-
ferent kinases and the function of this modification in StAR
mechanisms of action, import and processing remain unclear.

PKA is associated with the mitochondria and it is known that a
family of proteins named A-kinase anchor proteins (AKAPs) en-
hances cAMP-dependent pathways (Feliciello et al., 2001; Rubin,
1994) by anchoring PKA near its cellular substrate. Particularly,
AKAP121 tethers PKA to the mitochondrial outer surface (Angelo
and Rubin, 2000; Diviani and Scott, 2001). StAR protein contains two
consensus sites for phosphorylation by PKA which are conserved
across all species and in which the amino acid sequence of StAR has
been determined, namely Ser55/56/57 and Ser194/195. The phos-
phorylation of Ser194/195 (murine and human respectively) by PKA
has been identified as an obligatory event in the regulation of StAR
function (Arakane et al., 1997; Fleury et al., 2004). Interestingly, a
recent work shows that KO mice for StAR Ser194 completely ab-
rogated StAR function in adrenal gland and testis, clearly indicating
that this residue is essential for normal StAR activity (Sasaki et al.,
2014). In this regard, Dyson et al. (2008) have established that a mi-
tochondrial AKAP121 binds type II PKA and enhances StAR-mediated
steroidogenesis in MA-10 mouse Leydig tumor cells.

The overexpression of ERK2 wild type (WT) has resulted in an
increase in progesterone production stimulated by submaximal con-
centrations of 8-bromoadenosine 3′,5′-cyclic monophosphate (8Br-
cAMP) in MA-10 cells (Poderoso et al., 2008). On the other hand, a
dominant negative of ERK2 has failed to produce the effect exerted
by the WT, which suggests the involvement of this cascade in steroid
production in Leydig cells (Poderoso et al., 2008). These results are
in agreement with those performed with ERK activity inhibitors
(Hirakawa and Ascoli, 2003).

Regarding ERK-dependent StAR phosphorylation, a consensus se-
quence was found on StAR structure that might allow the docking

Fig. 1. Summary of the proposed mechanism for the StAR phospho-dephosphorylation cycle and cholesterol delivery to the IMM. (A) After hormone stimulation, StAR is
translocated to the OMM in a mitochondrial fusion dependent-manner, phosphorylated by PKA and subsequently binds a molecule of cholesterol in its hydrophobic pocket.
Then, cholesterol-bound StAR is available for ERK mitochondrial phosphorylation in Ser232, increasing StAR activity and cholesterol transport. This mechanism may be fa-
cilitated by conformational changes in StAR molecule that could allow cholesterol release in P450scc proximities and its further conversion to pregnenolone. (B) Then, StAR
may be dephosphorylated by mitochondrial phosphatases and probably become available to bind another cholesterol molecule and to be phosphorylated in Ser232 by ERK
again. After the temporal frame of ERK activity, StAR might be translocated to the mitochondrial matrix and degraded by proteases. This StAR activity cycle could enable
the metabolism of many molecules of cholesterol per unit of StAR protein. Abbreviations: S232 (Ser232, StAR residue phosphorylated by ERK), Cholest. (cholesterol), TSPO
(translocator protein 18 kDa), PAP7 (TSPO-associated protein 7), VDAC (voltage-dependent anion channel), ANT (adenine nucleotide translocase), Acot2 (acyl-CoA thioesterase
2), PPase (phosphatase), P450scc (cytochrome P450 side chain cleavage).
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of StAR to ERK1/2, as well as a consensus site for ERK1/2 phos-
phorylation (Poderoso et al., 2008). A typical docking site known
as the D domain (KTKLTWLLSI) was found between amino acids
235 and 244, and it is conserved among ERK1/2 upstream kinase,
MAPK phosphatase (MKP) and ERK substrates (Zhou et al., 2006).
In silico studies and the direct analysis of murine StAR sequence have
led to determine the existence of only two serine-proline motifs,
targets for ERK1/2 phosphorylation, i.e. Ser232 and Ser277. Accord-
ing to the Expasy Prosite database (http://expasy.org/prosite/), Ser232
has a 90% probability of being phosphorylated, whereas Ser277 has
only 5%. Moreover, Ser277 is relatively less conserved among species,
while Ser232 (PLAGS232PS) is adjacent to the docking D domain.
In support of a predicted StAR–ERK interaction, an interplay has been
shown between ERK1/2 and StAR through the treatment of sub-
cellular fractions with a recombinant protein where pERK is coupled
to the glutathione S-transferase (GST). This experiment showed that
StAR protein interacts with pERK only in the mitochondrial frac-
tion from stimulated cells, while in the cytosol, where both proteins
are present in soluble forms, the pull-down experiment rendered
negative results. In addition, MEK-phosphorylation via PKA, togeth-
er with StAR and pERK, have increased cholesterol transport and
mitochondrial synthesis of progesterone in a cell free assay (Poderoso
et al., 2008).

Several groups, including ours, have shown that ERK1/2 and
MEK1/2 are targeted to the mitochondria in different tissues, par-
ticularly on the OMM (Alonso et al., 2004; Baines et al., 2002;
Poderoso et al., 2008); and it is probably this submitochondrial
domain that ERK interacts with StAR through StAR’s docking
domains. Then, mitochondrial ERK1/2 is a cholesterol transport reg-
ulator modulating StAR phosphorylation (Poderoso et al., 2008).

The presence of pERK, together with PKA catalytic subunit, has
been proven absolutely essential to achieve maximal steroidogen-
esis by isolated mitochondria from MA-10 cells (Poderoso et al.,
2008). Thus, the process of protein phospho-dephosphorylation is
a common and crucial event in the mechanism of hormone action
upon the regulation of steroid synthesis.

It has also been shown that active ERK1 prompts a slight in-
crease in StAR phosphorylation, which notably increases in the
presence of cholesterol in vitro (Poderoso et al., 2008). StAR phos-
phorylation by PKA is neither necessary nor dependent on the
presence of cholesterol in the reaction media (Baker et al., 2007),
in agreement with our observations (Poderoso et al., 2008). This
result indicates that StAR phosphorylation by kinases other than PKA
is modulated by the endogenous ligand of the protein, in agree-
ment with recent work showing that cholesterol is a potent activator
of StAR metabolism (Rajapaksha et al., 2013).

Moreover, in non-dependent PKA steroidogenic tissues such as
glomerulosa cells, where Ang II acts mainly through Ca2+ increase
and PKC activity, ERK is also involved in steroid synthesis (Lehoux
and Lefebvre, 2007; McNeill et al., 1998; Natarajan et al., 2002;
Watanabe et al., 1996). Nevertheless, a direct relationship between
ERK and StAR in this system has not been elucidated yet and it is a
subject of study in our laboratory (unpublished data).

5. Phosphatases in StAR function

While the phosphorylation of StAR has been extensively de-
scribed, much less is known about phosphatases involved in StAR
activity or metabolism. Indeed, the role of putative mitochondrial
phosphatases upon StAR is merely speculative up to date. Our lab-
oratory has published a large amount of data concerning the action
of phosphatases in the acute regulation of steroidogenesis (Cano
et al., 2006; Cornejo Maciel et al., 2001; Gorostizaga et al., 2007;
Paz et al., 2002; Poderoso et al., 2002). Particularly, a tyrosine phos-
phatase SHP2 (src homology 2-containing phosphotyrosine
phosphatase 2) has been indicated as a key protein in regulating

steroid synthesis. In this regard, SHP2 participates in the transcrip-
tional regulation of the Acyl-CoA synthetase 4 (ACSL4), which in turn
participates in the regulation of intramitochondrial arachidonic acid
(AA) levels (Castillo et al., 2006; Duarte et al., 2007; Maloberti et al.,
2005). Then, AA lipoxygenated or epoxygenated products induce the
expression of the StAR gene (Stocco et al., 2001).

Through the action on ACSL4 protein levels, SHP2 affects
arachidonoyl-CoA (AA-CoA) production and metabolism and, finally,
the steroidogenic capacity of MA-10 cells: overexpression (or knock-
down) of SHP2 leads to increased (or decreased) steroid production
(Cooke et al., 2011). Moreover, SHP2 is needed for the correct as-
sociation of ERK with mitochondria, as an indirect way of controlling
StAR phosphorylation by ERK activity (Duarte et al., 2012).

Although SHP2 activity exerts a regulatory effect on StAR func-
tion in a transcriptional-dependent manner, direct dephosphorylation
of StAR protein by Ser/Thr phosphatases in mitochondria has not
been established. A plausible candidate is PP2A (serine/threonine
2A), localized in mitochondria of several tissues including steroido-
genic cells (Merrill et al., 2013; Poderoso et al., 2002). Our group
has determined that MKP-1 is localized in mitochondria from MA-
10 Leydig cells (Brion et al., 2011); therefore MKP-1 could be a good
candidate to modulate mitochondrial ERK activity and, concomi-
tantly, StAR phosphorylation and function.

6. Mitochondrial dynamics in steroid synthesis

Mitochondrial fusion/fission events, a mechanism also referred
to as “mitochondrial dynamics” is important for maintaining the
integrity of these organelles. Mitochondrial dynamics allows mi-
tochondrial replication, repair of defective mitochondria, selective
elimination of depolarized mitochondria via mitophagy and prop-
agation of intra-mitochondrial calcium waves (Martin, 2011). It has
been established that mitochondrial plasticity facilitates the move-
ment of these organelles within the cell, and that mitochondrial
rearrangements are important for the normal function of the cell,
and for protection against aging-related changes. Two dynamin-
like GTPases involved in mitochondrial fusion, mitofusin (Mfn) 1 and
2, are implicated in the modulation of mitochondria–mitochondria
and endoplasmic reticulum (ER)–mitochondria interactions. Mfn 1
and 2 are located on the OMM, mediating mitochondrial fusion in
concert with another GTPase, OPA1 (optic atrophy 1), on the IMM.
Mfn 1 and 2 are extensively expressed in tissues, as demonstrated
in brain (mainly Mfn2), liver, adrenal glands and testis and it has
been proven that Mfn2 is enriched at contact sites between ER and
mitochondria (mitochondria associated membrane, MAM) (de Brito
and Scorrano, 2009). Interestingly, ACSL4, already mentioned in this
review as a key enzyme in steroidogenesis, is a protein localized
in the MAM, where it is active (Lewin et al., 2002).

Mitochondrial fission requires dynamin-related protein 1 (Drp1),
a cytosolic protein which is recruited to the OMM by a poorly char-
acterized multiprotein complex. Recent work has shown that PKA
recruitment to the mitochondria results in mitochondrial elonga-
tion by Drp1 phosphorylation and inactivation in neurons (Merrill
et al., 2011).

Despite the importance of mitochondrial dynamics in several
metabolic and hormonal conditions, very little is known about its
role in steroidogenic tissues. As a first approach, a paper pub-
lished almost 30 years ago showed that in adrenal cells, mitochondria
displayed a change in morphology and intracellular localization after
hormone stimulation by cAMP (Soto et al., 1986). More recently, it
was observed that in H295R adrenocortical cells, mitochondria move
across the cell after ACTH stimulation, in a PKA-dependent manner.
The authors investigated the role of ACTH/cAMP-stimulated mito-
chondrial trafficking in regulating cortisol production and observed
that this microtubule-dependent movement could be involved in
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the transport of substrates between the ER and mitochondria (Li
and Sewer, 2010).

We recently demonstrated that steroid synthesis depends on
changes in mitochondrial fusion that can be regulated in a hormone-
dependent manner. Mfn2 is promptly up-regulated after the
steroidogenic stimuli, thus suggesting that mitochondrial dynam-
ics might be central for steroidogenesis. Furthermore, blocking
mitochondrial fusion by knocking down Mfn2 expression has a neg-
ative impact on steroid synthesis (Duarte et al., 2012). The changes
observed in mitochondrial fusion might also be central for the for-
mation of the mitochondrial multiprotein complex that delivers
cholesterol to the P450scc system, as hormone-stimulated mito-
chondrial rearrangement is required for the re-localization of the
ERK1/2 protein to mitochondria. Moreover, the abrogation of mi-
tochondrial fusion prevents the association of ACSL4 with the
mitochondria, showing clearly that MAM formation depends on mi-
tochondrial fusion (Duarte et al., 2012). As previously mentioned
in this review, SHP2 modulates both mitochondrial fusion and ERK1/2
localization in mitochondria (Duarte et al., 2012). In agreement with
Li and Sewer (2010), mitochondrial fusion might represent a lim-
iting step in the onset of processes that require transport of
intermediate products, e.g. liposoluble steroid hormones between
organelles, probably mediated by MAM. Then, these products might
reach the plasma membrane without moving across the hydro-
philic cytoplasm. More recently, we have shown that mitochondrial
fusion is an essential process in regulating StAR mRNA levels and
in driving StAR protein to the mitochondrial context, probably to
the OMM (Duarte et al., 2014). This point will be discussed later
in this paper.

7. Role of StAR phosphorylation and mitochondrial fusion on
the localization of StAR on the OMM and steroidogenesis

In silico molecular modeling showed a possible conformational
change in StAR C-terminus due to cholesterol binding, which could
increase the exposure of StAR Ser232 and the docking domain for
ERK, thus making StAR a substrate for ERK binding and phosphory-
lation (Poderoso et al., 2008). This is supported by the fact that
there is a loss of StAR helical structure upon cholesterol binding
(Petrescu et al., 2001). These modifications and interactions between
StAR and ERK are probably taking place in the OMM, since this
submitochondrial domain is the region that anchors both, StAR and
ERK, as previously described. In turn, the use of S232A, a mutated
form of StAR in which Ser232 was changed to Ala, a non
phosphorylable amino acid, prevented StAR phosphorylation by
active ERK, confirming that this residue is indeed the kinase target.
Transient transfection of MA-10 Leydig cells with StAR S232A cDNA
partially blocked the stimulation of progesterone production en-
hanced by cAMP treatment. In contrast, the transfection with other
StAR mutant, in which Ser232 was replaced to a glutamic acid
(S232E), did not produce such effect, suggesting that the negative-
ly charged amino acid partially mimics the negative charge of the
phosphate group present in the phospho-Ser232 (Poderoso et al.,
2008).

Cholesterol has been shown to act as an allosteric modulator, fa-
cilitating further binding of StAR to the ligand (Petrescu et al., 2001)
and strongly stabilizing the partially unfolded state in the StAR mol-
ecule (Mathieu et al., 2002). However, at a certain point when
cholesterol needs to reach the P450scc, cholesterol release from StAR
interaction becomes necessary. As ERK phosphorylation of StAR re-
quires cholesterol, it can be suggested that StAR phosphorylation
at Ser232 occurs after cholesterol–StAR interaction. Therefore, the
negative charge at the Ser232 site might produce a conforma-
tional change in StAR, reducing its affinity for cholesterol and favoring
its release. This might in turn allow cholesterol transport across the
mitochondrial membrane to produce high rates of pregnenolone syn-

thesis (Fig. 1). It is hard to elucidate a putative model to describe
the effect of the Ser232 phosphorylation on StAR affinity for cho-
lesterol. StAR molecular structure has been partially studied (Mathieu
et al., 2002; Petrescu et al., 2001; Tsujishita and Hurley, 2000;
Yaworsky et al., 2005) and it can be inferred that the Ser232 residue
is localized in one of the last β barrels of the START domain (Reitz
et al., 2008; Yaworsky et al., 2005). It is well known that amino acidic
phosphorylation involves changes in protein stability and regu-
lates affinity with other components. After protein phosphorylation,
acidic loops formation has been described for other proteins (Papaleo
et al., 2011). Cholesterol release could result from a pH-dependent
transition to a molten globule structure, involving the loss of as-
sociation between the C-terminal α-helix and lipid molecules in the
OMM. Under acidic pH conditions, the cholesterol affinity for START
domain is significantly decreased (Reitz et al., 2008). Thus, ERK phos-
phorylation of StAR could determine a local decrease in pH, leading
to a putative conformational change on StAR, rendering the protein
slightly more capable of releasing its bound cholesterol.

We have shown that the over-expression of StAR S232A signifi-
cantly abolishes the presence of mitochondrial StAR after hCG or
cAMP stimulation. ERK phosphorylation affects mitochondrial StAR
levels post-transcriptionally, as the expression of transfected StAR
S232A is independent of cellular endogenous regulation (Duarte et al.,
2014). In MA-10 cells, a mitochondrial module includes MEK, ERK
and cholesterol with a direct physical association between StAR and
ERK (Poderoso et al., 2008). Their interaction favors StAR phos-
phorylation by ERK and hence could promote phospho-StAR
retention in the mitochondria, particularly on the OMM where ERK
resides (Alonso et al., 2004).

Again, it is the OMM localization of StAR, and not its cleavage
from the 37-kDa to the 30 kDa form, that determines its activity (Bose
et al., 2002). Then, the longest StAR retention time at the OMM might
render the maximal StAR activity in cholesterol transport, in agree-
ment with previous data (Miller, 2013). ERK is transiently activated
after hormone stimulation in MA-10 cells and is dephosphory-
lated as a normal regulation pathway, mainly by MKPs (Bey et al.,
2003; Cobb et al., 1991; Poderoso et al., 2008). Interaction between
phospho-StAR and ERK in mitochondria could protect ERK from de-
phosphorylation and inactivation. The temporal frame of ERK activity
(1–2 h) in mitochondria correlates with the period of StAR major
activity and cholesterol transport after hormone stimulation.

These results are entirely in line with MKP-1 down-regulation
and the concomitant increase in progesterone levels after 2 h of stim-
ulation, probably due to a long-lasting effect of active ERK in
mitochondria (Brion et al., 2011).

The presence of ERK and StAR in the OMM and the regulation
of steroidogenesis depends also on mitochondrial fusion, which is
a hormone-regulated step in which the induction of Mfn2 plays an
essential role (Duarte et al., 2012; Poderoso et al., 2013). Our recent
work clearly shows that mitochondrial fusion through the in-
crease of Mfn2 levels in mitochondria is strictly required for StAR
protein synthesis and mitochondrial localization after hormone stim-
ulation. Mitochondrial fusion reduction, by knocking-down Mfn2,
correlates with a decrease in mitochondrial StAR protein and mRNA
levels. The direct effect of mitochondrial fusion or Mfn2 on StAR gene
expression is unknown to date. In this regard, we have estab-
lished several hypotheses such as: (1) mitochondrial fusion allows
the interaction of ACSL4 with mitochondria and forms MAM struc-
tures, thus enabling AA proper metabolism and increasing StAR
expression; (2) Mfn2 could modulate StAR mRNA levels directly, as
described for other mitochondrial proteins (Papanicolaou et al., 2012;
Xu et al., 2010) or (3) there is a stabilizing effect of mitochondrial
fusion on StAR mRNA, as different variants of StAR mRNA levels are
regulated by stabilization mediated by cAMP in MA-10 cells (Castillo
et al., 2011; Zhao et al., 2005). Then, mitochondrial fusion could
mediate the approach between StAR mRNA and a specific AKAP1
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in mitochondria that binds StAR mRNA (Grozdanov and Stocco,
2012), thus stabilizing and increasing StAR mRNA levels.

8. Conclusion

Taken together, these results give a new insight into StAR as a
substrate of kinases and phosphatases involved in steroid biosyn-
thesis and the retention of StAR on the OMM. It could be concluded
that the interaction of StAR with a multiprotein complex may con-
tribute to the retention of StAR on the OMM.

The phospho-dephosphorylation of StAR may contribute to
binding and releasing cholesterol and, in turn, allow cholesterol trans-
port across the mitochondrial membrane to produce high rates of
pregnenolone synthesis with a few molecules of StAR protein. In
this work, we reviewed StAR mechanisms of action in the choles-
terol transport to the P450scc, to achieve maximal steroid production.
We also established the relevance of mitochondrial phosphoryla-
tion events and mitochondrial fusion in the correct localization of
this key protein to exert its action in specialized cells, as novel par-
ticipants in StAR activity and steroidogenesis.
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