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The distribution of the steroidogenic acute regulatory protein (StAR) inside thecal and granulosa-lutein cells of human corp
CL) was assessed by immunoelectron microscopy. We found greater levels of StAR immunolabeling in steroidogenic cells from
id-than in late luteal phase CL and lower levels in cells from women treated with a GnRH antagonist in the mid-luteal phase. Immu
icroscopy revealed significant levels of StAR antigen in the mitochondria and in the cytoplasm of luteal cells. The 30 kDa mat
rotein was present in both mitochondria and cytosol (post-mitochondrial) fractions from homogenates of CL at different ages
ytochromec and mitochondrial HSP70 were detected only in the mitochondrial fraction. Therefore, we hypothesized that either ap
rocessing of StAR 37 kDa pre-protein occurs outside the mitochondria, or mature StAR protein is selectively released into the cyto
itochondrial processing. The presence of mature StAR in the cytoplasm is consonant with the notion that StAR acts on the outer mi
embrane to effect sterol import, and that StAR may interact with other cytoplasmic proteins involved in cholesterol metabolism,
ormone sensitive lipase.
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. Introduction

The human corpus luteum (CL), a temporary endocrine
land derived from the ovulated follicle, is an active producer
f steroid hormones, mainly progesterone (P4). Progesterone
overns the secretory transformation of the endometrium,
endering it receptive for embryo implantation and the
stablishment of early pregnancy (Carr, 1992). During

he menstrual cycle, CL development and function are
ependent on pituitary-derived LH. In the event of concep-

ion, the activity of the luteal cells is maintained for some
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weeks by the trophoblast-derived hCG; later the plac
assumes the production of P4 and sustains pregn
Steroidogenic cells take up lipoprotein-carried choles
and also maintain stores of esterified cholesterol, the ob
precursor for the biosynthesis of steroid hormones. U
hormonal stimulation of steroid synthesis, cholesterol f
various pools, including the intracellular esters which
hydrolyzed, is conveyed to the inner membrane of the m
chondria to serve as a substrate for pregnenolone produ
(Miller, 1988). In non-placental steroid-producing tissu
the translocation of cholesterol is mediated by StAR
fast-reacting controller of steroid synthesis (Strauss et al
1999; Bose et al., 2002). It is thought that the rate-limitin
step in P4 synthesis is the movement of cholesterol
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the outer to the inner mitochondrial membrane where the
cytochrome P450 side chain cleavage complex is located.
StAR is essential for this sterol translocation. StAR is
synthesized as a 37 kDa pre-protein with a N-terminal
mitochondrial targeting sequence. This sequence directs
importation of the protein into the mitochondria where it
is processed to the 30 kDa mature form by a metallopro-
teinase. It has been postulated that StAR acts on the outer
mitochondrial membrane to initiate sterol translocation and
that importation into the mitochondrial matrix terminates
StAR’s sterol translocating activity (Christenson and Strauss,
2000).

Recently, we described the change in the expression of
StAR gene and proteins in the CL throughout the luteal phase
(Devoto et al., 2001). Our results indicated that StAR tran-
scripts and StAR protein were most abundant in mid-luteal
CL.

The present study examined by immunoelectron micro-
scopy the subcellular distribution of StAR in granulosa- and
theca-lutein cells of the CL throughout the luteal phase and
following administration of a GnRH antagonist, which causes
a rapid decline in circulating LH levels. Here we show that
there is a substantial amount of mature StAR protein in the
cytoplasm of luteal cells. This unexpected finding may reflect
previously unrecognized processing of the StAR pre-protein
in the luteal cell cytoplasmic compartment or the release of
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2.2. Dating of the CL

CL were dated on the basis of the presumptive day of
ovulation (d = 0), which was determined by serial urinary
LH measurements (Clearplan® Unipath, Bedford, UK) and
serial vaginal ultrasound images of the ovaries. Additionally,
plasma E2 and P4 levels and the histological features of each
CL were used to confirm tissue dating as described previ-
ously (Devoto et al., 2001). The CL was classified as early
(4 days post-ovulation), mid (5–10 days post-ovulation), and
late (>11 days from ovulation).

The entire CL was enucleated from the ovary and imme-
diately transported under sterile conditions to the labora-
tory. The gland was washed with cold NaCl (0.9%) solution
to remove blood clots and immediately divided into radial
blocks. Small pieces of tissue for histology were fixed in 4%
buffered paraformaldehyde and embedded in paraffin wax.

2.3. Immunochemicals

The following antibodies were used in our studies:

- Rabbit anti-StAR polyclonal antibody raised against the
human StAR C-terminus (START) domain (Pollack et al.,
1997).

- Rabbit anti-MLN64 polyclonal antibody raised against the
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ature StAR from the luteal mitochondria. These obse
ions challenge the existing notions regarding the targ
nd processing of StAR pre-protein and/or catabolism
ature StAR. They argue for an important role of StAR

ide of the mitochondria

. Materials and methods

.1. Subjects

All women gave signed informed consent to participa
his study. The internal review board of Hospital Clı́nico San
orja-Arriaŕan approved the experimental protocol. CL w
nucleated at the time of minilaparotomy from women un
oing tubal ligation, as described previously. The surgery
onducted at Hospital Clı́nico San Borja-Arriaŕan, Nationa
ealth Service-University of Chile (Santiago, Chile). S

ects aged 30–39 years, with normal body mass index, re
enstrual cycles, and had not received any form of horm

reatment in the last 3 months before participating in the s
ifteen women were scheduled for surgery at different t
f the luteal phase and two of these women were given
c of GnRH antagonist (Cetrotide®, Serono), during mid
uteal phase for 48 h before surgery. Pieces of luteal t
ere used for immunoelectron microscopic studies of S
nd for morphological analysis. Samples of luteal tissue
lso used for immunoblot analyses of StAR, MLN64
ytochromec. Blood was collected before surgery for ster
eterminations.
START domain of the recombinant protein (Zhang et al.
2002).
Rabbit anti-ELIP polyclonal antibody raised against
protein from barley leaves (gently donated by P
Dr. Klaus Kloppstech, Botanical Institute, University
Hanover, FRG).
Clone JG1 mouse monoclonal antibody raised ag
human mitochondrial heat sckock protein 70, obta
from Affinity Bioreagents Inc., CO, USA.
Clone 7H8.2C12 mouse monoclonal antibody ra
against denatured cytochromec, purchased from Zyme
Laboratories Inc., CA, USA.
Clone 6H2 mouse monoclonal antibody raised against
length, native human cytochromec, obtained from San
Cruz Biotechnology, Inc., CA, USA.
Goat anti-rabbit IgG labeled with 15 nm gold particles, p
chased from British BioCell, Cardiff, UK.

.4. Immunoelectron microscopy

Fragments of CL, approximately 1 mm3 in size, were
xed by immersion in 4% (w/v) freshly de-polymeriz
araformaldehyde prepared in 0.1 M phosphate buffe
.4 and containing 0.5% (w/v) glutaraldehyde. In orde
reserve antigen reactivity in the tissue, a post-fixation
smium tetroxide was avoided. After fixation, the sam
ere washed with phosphate buffer, dehydrated and em
ed in LR-Gold as described (Sierralta, 2001). From the
mbedded tissues, ultrathin sections (70 nm thickness)
ut with a Reichert-Jung ultramicrotome; the sections w
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collected on Formvar-coated 200 mesh gold grids and imme-
diately incubated as described previously (Sierralta et al.,
1995). Briefly, the sections were incubated in blocking buffer
(50 mM Tris, pH 7.4, 0.15 M NaCl containing 5% fetal calf
serum) for 30 min at room temperature and subsequently
incubated in blocking buffer containing a 1:100 dilution of
rabbit anti-StAR antibody or a non-related (anti-ELIP) rabbit
antibody for 2 h at room temperature. Following exhaustive
washes in Tris-buffered saline, grids were incubated with
15 nm gold-labeled anti-rabbit IgG diluted 1:50 in blocking
buffer. After washes, the sections were lightly stained with
5% aqueous uranyl acetate and Reynolds lead citrate. Speci-
mens were viewed with a Philips CM100 electron microscope
at 80 kV and photographed on Kodak 4489 EM film. The
density of labeling was determined by counting the num-
ber of gold particles present in mitochondrial or cytoplasmic
areas of cells from five sections obtained from four differ-
ent blocks prepared from the tissues (Sierralta et al., 1995;
Griffith, 1993). Thus, for each CL, a total of 20 randomly
selected fields were analyzed; the labeling data is presented
as mean values± SEM. To control the specificity of label-
ing, the anti-StAR antibody was replaced either by anti-ELIP
or by sera from non-immunized rabbits; less than one gold
particle in 20�m2 of section were detected in these control
sections.
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(Amersham Bioscience, Sunnyvale, CA, USA), using Image-
Quant 5.2 software (Molecular Dynamics, Inc.) to analyze the
signals.

2.6. Statistics

Statistical significance of multiple comparisons was deter-
mined by ANOVA following Bonferroni’s multiple compar-
ison procedure (Pagano and Gauvreau, 2000).

3. Results

3.1. Immunoelectron microscopic studies of CL at
different times throughout the luteal phase and after
administration of the GnRH antagonist

Figs. 1 and 2depicts the immunolabeling of cytoplas-
mic and mitochondrial StAR in granulosa and theca-lutein
cells respectively.Figs. 1b and 2bshow the StAR immuno-
labeling in mid-luteal steroidogenic cells. The density of
StAR immunolabeling in the cytoplasm and mitochondria
of the subpopulations of steroidogenic cells was greater
during mid-luteal phase as compared with early and late
CL (Figs. 1a and c, and 2a and c). StAR immunoreactiv-
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.5. Immunoblot analysis

Luteal tissues were processed as described previ
Devoto et al., 2001), with minor modifications. In brief, th
issues were homogenized in five volumes of 0.25 M suc
n 10 mM Tris–HCl pH 7.4 containing 10 mM EDTA, 0.2 m
MSF and 10�g/mL aprotinin. The homogenate was fi
entrifuged at 600× g for 10 min to sediment nuclei and c
ebris; the supernatant was spun at 12,000× g for 15 min.
he post-mitochondrial supernatant and the mitochon
ellet were analyzed by Western blotting under den
ating (StAR, MLN64, mHSP70, cytochromec) or non-
enaturating (native cytochromec) conditions. Protein con
entrations were determined by the dye-binding assay
ad Laboratories Inc). For the analysis of StAR, MLN
nd mHSP70, 10�g of protein were loaded onto 10
DS-PAGE electrophoresis and transferred to polyvinylid
ifluoride (PVDF) membranes (Hybridon, Millipore Cor
edford, MA, USA). For cytochromec, 10�g protein sam
les were loaded onto 12.5% SDS-PAGE electrophor
or the analysis ofnative cytochromec, the samples we

oaded onto 12.5% PAGE containing neither SDS nor th
educing reagents; to ensure the release of cytochroc,
liquots of the mitochondrial pellets were sonicated be

oading; after electrophoresis, the bands were transf
o PVDF membranes with transfer buffer without den
ants. All the membranes were incubated with the cog
rimary antibodies and developed with the ECF Wes
lotting kit (Amersham Bioscience, Sunnyvale, CA, US
he fluorescent signal was quantified on a Typhoon 9
ty was significantly diminished in both the cytoplasm a
itochondria of the lutein cells within late-luteal phase

Figs. 1c and 2c). A substantial decline of StAR immun
abeling in the steroidogenic cells of mid-luteal phase
ollowing the administration of the GnRH antagonist w
oted. The decrease in StAR immunoreactivity was obse

n the cytoplasm and mitochondria of granulosa and th
utein cells (Figs. 1d and 2d). However, no major chang
n the ultrastructure of the cells were detected. As indic
efore, control sections incubated without the specific
ody displayed negligible labeling (under 1 gp in 20�m2 of
rea, not shown).

.2. Immunolabeling densities in granulosa-lutein cells
t different stages of the luteal phase and after
dministration of GnRH antagonist

Table 1 summarizes the densities of StAR immu
abeling in the cytoplasmic and mitochondrial comp

able 1
mmunogold labeling density for StAR in LR-Gold sections of hum
ranulosa-lutein cells

uteal stage/treatment No. of CL gp/5�m2 cyta gp/5�m2 mit*

arly 3 4.0± 0.5 8.0± 0.4
id 3 6.0± 0.3 13.0± 1.1
ate 3 0.9± 0.1b 1.1 ± 0.2b

etrotide® 2 1.2± 0.3b 1.2 ± 0.2b

a Values are expressed as mean± SEM of gold particles counted in a 5�m2

f cytoplasm or mitochondria area;n = 60.
b P < 0.05 significantly different vs. early and mid-CL.
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Fig. 1. Immunogold labeling of StAR in LR-Gold sections of granulosa-
lutein cells from corpora lutea at different times of the luteal phase and after
administration of a GnRH antagonist; representative images of: (a) early, (b)
mid, (c) late, (d) Cetrotide®-treated woman. Arrows indicate gold particles.
M: mitochondria, l: lipid droplet. Bar = 350 nm.

ments in granulosa-lutein cells. The focus on this cell type
was based on the finding of greater number of granulosa-
lutein cells in our samples, allowing for statistical anal-
ysis. The cells from mid- and early-luteal CL displayed
higher levels of labeling in the cytoplasm and mitochon-
dria than those of late CL or of CL from Cetrotide®-treated
subjects.

Fig. 2. Immunogold labeling of StAR in LR-Gold sections of thecal-lutein
cells from corpora lutea at different times of the luteal phase and after admin-
istration of a GnRH antagonist; representative images of: (a) early, (b) mid,
(c) late, (d) Cetrotide®-treated woman. Arrows indicate gold particles. M:
mitochondria, l: lipid droplet. Bar = 350 nm.

3.3. Immunoblot analyses of StAR in mitochondria and
post-mitochondrial supernatants from CL of different
ages and after administration of GnRH antagonist

A representative Western blot for StAR proteins in the
mitochondria and cytoplasm of CL homogenates at different
stages of the luteal phase and after Cetrotide® administra-
tion is shown in panel A ofFig. 3. Immunoreactive bands
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Fig. 3. Immunoblot analyses of StAR in the mitochondria and cytosol of
CL homogenates.Panel A shows a representative immunoblot for StAR pro-
teins in the mitochondria and the post-mitochondrial supernatant of CL
homogenates at different stages of the luteal phase and after Cetrotide®.
The blot illustrates immunoreactive bands at 37 and 30 kDa that represent
the StAR pre-protein and the mature StAR protein, respectively. Panel B
shows the histogram of Western blot data with the relative content of 37 and
30 kDa StAR in 10 ug protein aliquots of these subcellular fractions. Values
represents the mean± SEM of early- (3), mid- (4), late- (3) and Cx-treated
(2) CL. Cx: Cetrotide®.

at 37 and 30 kDa, representing the StAR pre-protein and
the mature StAR protein respectively, were detected in all
the mitochondrial extracts, while in the cytosol mainly the
30 kDa protein was found. The association of the 37 kDa
StAR protein with the mitochondrial pellet illustrates the effi-
cient nature of the targeting of the nascent StAR pre-protein.
Because the antibody recognizes the StAR C-terminus and
the molecular weights of the cytosolic and mitochondrial pro-
teins are similar, it seems that processed StAR exists outside
of the mitochondria. The densitometric analysis is illustrated
in panel B ofFig. 3. On a per unit protein basis, the relative
abundance of mature StAR in mitochondria is higher than in
the cytosol. However, the total protein content of the mito-
chondrial fractions was almost one order of magnitude lower
than that of the cytosols.

3.4. Immunoblot analysis of MLN64, mHSP70 and
cytochrome c in mitochondria and post-mitochondrial
supernatants of CL

A representative Western blot for MLN64 in CL is shown
in the upper panel ofFig. 4. A single band at 50 kDa was
detected in the post-mitochondrial supernatants but not in
the mitochondrial sediment throughout the luteal phase. This
finding confirms that the StAR antiserum does not cross
r like
M ich
i ost-
m
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t 70

Fig. 4. The upper panel depicts a representative Western blot for MLN64
protein in the mitochondria and the post-mitochondrial supernatants of CL
homogenates at different stages of the luteal phase. The blot depicts the
immunoreactive band of MLN64 at 50 kDa.The middle panel displays a
representative Western blot for mHSP70 in the mitochondria and the post-
mitochondrial supernatants of CL homogenates at different stages of the
luteal phase. The blot depicts the immunoreactive band of mHSP70 at
75 kDa. The lower panel shows a representative Western blot for denatu-
rated cytochromec in aliquots of post-mitochondrial supernatant and mito-
chondria from homogenates of mid-luteal phase CL. Cytc: cytochromec;
s: post-mitochondrial supernatant; m: mitochondrial pellet; C+: sonicated
mitochondria.

(mHSP70) in fractions from CL homogenates. In CL from
different ages, this 75 kDa protein was detected in the
organelles and not in the post-mitochondrial supernatants.
These results demonstrate that during the homogenization of
CL, the integrity of both, the outer and inner membranes of
the organelles was preserved. Thus, the presence of mature
StAR in the cytoplasm is not likely to be the result of a dis-
ruption of mitochondria.

The lower panel ofFig. 4 illustrates a representa-
tive immunoblot for cytochromec in fractions from CL
homogenates using an antibody that reacts with the denatured
protein. Under these conditions, we detected cytochromec in
the mitochondrial sediments but not in the supernatants. An
immunoblot assessment of cytochromec distribution under
native conditions, using an antibody raised against the native
protein confirmed the exclusive presence of the protein inside
the mitochondria (not shown). Therefore, during the homog-
enization of CL, the integrity of the outer membrane of
the organelles was preserved. Altogether, these biochemical
findings also argue against a leakage of StAR from the mito-
chondria into the cytosol during the processing and fixation
of CL for immunoelectron microscopy.

4. Discussion

pri-
m e for
t ner
m iting
s sent
eact with other proteins containing a START domain,
LN64. MLN64 has been localized to endosomes, wh

s consistent with the presence of the protein in the p
itochondrial supernatant.
The middle panel ofFig. 4 displays a represent

ive immunoblot for mitochondrial heat shock protein
StAR, a cAMP-regulated phosphoprotein expressed
arily in non-placental steroidogenic cells, is responsibl

he translocation of cholesterol from the outer to the in
itochondrial membrane and represents the rate-lim

tep in the biosynthesis of steroid hormones. The pre
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study, using immunogold labeling, detected StAR protein in
thecal and granulosa-lutein cells of luteal tissue collected
at different times throughout the luteal phase. There was a
change in overall labeling density with higher values in early
and mid-luteal phase CL and lowest in late luteal phase CL,
confirming our previous immunohistochemical data (Devoto
et al., 2001, 2002; Kohen et al., 2003).

In this study, the immunoblot analysis of StAR distribution
in subcellular fractions of luteal cells confirmed the finding of
Arakane et al. (1998)demonstrating the presence of mature
(30 kDa) protein in the cytosol and mitochondria of COS-1
cells transfected with wild-type StAR cDNA. In contrast to
Arakane et al. (1998), who detected StAR by immunoelectron
microscopy only in the mitochondria of transfected COS-1
cells, we visualized it by the same technique and noted the
presence of this protein in the cytoplasm of CL steroidogenic
cells.

Beside methodological differences, one possible explana-
tion for the apparent disparity in findings is that the “in vivo”
system operating in CL relies on different mechanisms for
processing StAR than the transfected cells in culture, result-
ing in higher levels of 30 kDa protein in the cytoplasm of CL
steroidogenic cells.

Our analyses revealed that “mature” StAR is the most
abundant form present in the mitochondria and the post-
mitochondrial supernatant of homogenates from CL at
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StAR protein is not likely to have been released from mito-
chondria during tissue processing.

In normal tissues, the release of cytochromec into the
cytoplasm is considered an initial event in cell apoptosis. In
hundreds of fields of early and mid-CL inspected under the
electron microscope for this work, we did not observe cells
exhibiting the morphological characteristics of this type of
cell death. Therefore, the presence of mature StAR in the
cytoplasm is unlikely to be a consequence of the initiation of
programmed cell death due to cytochromec release.

The Western blot analyses revealed higher levels of StAR
pre-protein (37 kDa) in the mitochondrial fraction as com-
pared with the post-mitochondrial supernatant of CL through-
out the luteal phase. This presumably reflects an efficient
targeting of 37 kDa StAR to the mitochondria, together with
a rapid processing of the pre-protein that does not reach the
organelle in time (Tajima et al., 2001; Granot et al., 2003).
The degradation of StAR pre-protein by proteasomes of rat
granulosa cells has been described, but there is no evidence
that this process could lead to a release of mature protein
into the cytosol (Tajima et al., 2001; Granot et al., 2002,
2003). Our observations may also suggest that in CL cells,
mature StAR protein is selectively released into the cyto-
plasm after mitochondrial processing. It might be that StAR
is exposed to physicochemical forces operating during impor-
tation and resulting, like for fumarase, in a dual distribution
b .,
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ifferent ages. Collectively, these findings argue for
resence “in vivo” of mature StAR protein in the cytopla

ndeed, based on total protein content, the 30 kDa S
orm in CL cytosol is greater than in the mitochond
ompartment. When the same cell fractions were ana
or mHSP70, we detected this protein in the mitochond
ediments from early, mid- and late-CL homogenates
omogenates from late CL we saw, in addition to the st
itochondrial band, a faint band of HSP70 in the superna
hese results demonstrate that the integrity of mitochon
embranes was preserved in the gentle homogeniz

ollowed and support the view that the presence of 30
tAR outside the mitochondria is not a product of memb
isruption nor the leakage of proteins from the matrix.

We found that cytochromec was not released into th
ytoplasm during homogenization and centrifugation. S
ytochromec is located in the intermembrane space
he mitochondrion, its absence in the post-mitochon
upernatants of gently-disrupted luteal tissues demon
gain the preservation of (outer) mitochondrial membra

ntegrity. It is thought that in steroidogenic cells the u
ate destination of StAR is the mitochondrial matrix,

pace limited by the inner mitochondrial membrane. T
he discharge of StAR from the mitochondrial matrix wo
equire its passage through both, the outer- and the i
itochondrial membranes. Disruption of only the outer m
rane would allow the release of cytochromec but not that o
oluble macromolecules from the mitochondrial matrix. C
equently, the presence of StAR and simultaneous ab
f cytochromec in the cytosol supports the idea that mat
etween cytosol and the mitochondrial matrix (Sass et al
003). An additional explanation for the presence of cy
lasmic 30 kDa StAR could be the association with o
roteins in this cellular compartment; it is noteworthy t
tAR has been shown to interact with cytoplasmic prot

nvolved in cholesterol metabolism, like hormone sens
ipase (Shen et al., 2003)

The presence of mature StAR in the cytoplasm challe
he thinking about the itinerary of StAR (Christenson an
trauss, 2000). Recent evidence shows that the C-termina
tAR associates with phospholipid head groups of artifi
embranes resembling the outer-mitochondrial coa

Yaworsky et al., 2004). It appears that the last 28 am
cids of StAR C-terminus are essential in the transfer
f cholesterol through these membranes; the mitochon

argeting peptide of 37 kDa StAR would play a role in
uration of cholesterol passage (Yaworsky et al., 2004). If

his model is correct, cytoplasmic mature StAR, incap
f importation into the mitochondria but carrying an int
-terminal, could sustain cholesterol supply for the stero
enic process, a desirable attribute in mid-luteal phas
ells which must generate large quantities of progeste
ndeed, it is possible that the presence of mature StA
he cytoplasm is restricted to cells with a large capacit
roduce steroid hormones, like those of CL. In this con
ur results are consistent with the data presented byLeHoux
t al. (1999) demonstrating the presence of 29–30
tAR proteins in the cytosol of rat adrenal homogena
ccording to these authors, both the cytosolic and
itochondrial mature forms of StAR are related to
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steroidogenic response observed after stimulation with
ACTH- and/or sodium restriction (LeHoux et al., 1999).

MLN64 contains a C-terminal StAR-related lipid transfer
(START) domain and that it may participates in the intra-
cellular trafficking of cholesterol in animal cells, including
follicular thecal and granulosa cells (Watari et al., 1997).
The presence of MLN64 in the supernatant of CL extract
throughout the luteal phase, supports the idea that in cells
with high steroidogenic activities, protein(s) with a START
domain, other than StAR, might participate in the intracellu-
lar trafficking of cholesterol or of other lipids (Kishida et al.,
2004).

The drop in LH output, resulting from the administration
of the GnRH antagonist during mid-luteal phase, causes a
dramatic reduction in StAR immunolabeling in both the cyto-
plasm and mitochondria of thecal and granulosa-lutein cells
of mid-luteal CL, suggesting that the levels of StAR protein
in both cell compartments are LH dependent. In contrast to
the results reported by others (Fraser et al., 1999), we did
not observe deleterious actions of the GnRH antagonist on
the ultrastructural characteristics of luteal steroidogenic cells;
this disparity may be related to the differences in chemical
structures and activities between the GnRH antagonist used:
Atarelix® versus Cetrotide®. In addition, we must consider
that the data ofFraser et al. (1999)were obtained in the mar-
moset using doses of GnRH antagonist much greater than
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StAR acts on the outside of mitochondria to stimulate steroidogenesis.
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Devoto, L., Kohen, P., González, R.R., Castro, O., Retamales, I., Vega,
M., Carvallo, P., Christenson, L.K., Strauss III, J.F., 2001. Expres-
sion of steroidogenic acute regulatory protein in the human corpus
luteum throughout the luteal phase. J. Clin. Endocrinol. Metab. 86,
5633–5639.

Devoto, L., Kohen, P., Vega, M., Castro, O., González, R.R., Retamales,
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L., 1999. The in vivo effects of adrenocorticotropin and sod
restriction on the formation of different species of steroidogenic a
regulatory protein in rat adrenal. Endocrinology 140, 5154–5164

iller, W.L., 1988. Molecular biology of steroid hormone synthe
Endocr. Rev. 9, 295–318.

agano, M., Gauvreau, K., 2000. Principles of Biostatis
Duxbury/Thomson Learning, California, pp. 285–301.

ollack, S.E., Furth, E.E., Kallen, C.B., Arakane, F., Kiriakidou,
Kozarsky, K.F., Strauss III, J.F., 1997. Localization of the stero
genic acute regulatory protein in human tissues. J. Clin. Endoc
Metab. 82, 4243–4251.

ass, E., Karniely, Sh., Pines, O., 2003. Folding of fumarase d
import determines its dual targeting in yeast. J. Biol. Chem.
45109–45116.

hen, W.J., Pate, I.S., Natu, V., Hong, R., Wang, J., Azhar, S., Kra
F.B., 2003. Interaction of hormone-sensitive lipase with steroidog
acute regulatory protein: facilitation of cholesterol transfer in adr
J. Biol. Chem. 278, 43870–43876.

ierralta, W.D., 2001. Immunoelectron microscopy in embryos. Met
24, 61–69.

ierralta, W.D., Boenig, I., Thole, H.H., 1995. Immunogold labelling
estradiol receptor in MCF7 cells. Cell Tiss. Res. 279, 445–452.



 W.D. Sierralta et al.

Strauss III, J.F., Kallen, C.B., Christenson, L.K., Watari, H., Devoto,
L., Arakane, F., Kiriakidou, M., Sugawara, T., 1999. The steroido-
genic acute regulatory protein (StAR): a window into the complexities
of intracellular cholesterol trafficking. Rec. Prog. Horm. Res. 54,
369–395.

Tajima, K., Babich, S., Yoshida, Y., Dantes, A., Strauss III, J.F., Ams-
terdam, A., 2001. The proteasome inhibitor MG132 promotes accu-
mulation of the steroidogenic acute regulatory protein (StAR) and
steroidogenesis. FEBS Lett. 490, 59–64.

Watari, H., Arakane, F., Moog-Lutz, Ch., Kallen, C.B., Tomasetto, C.,
Gerton, G.L., Rio, M.Ch., Baker, M.E., Strauss III, J.F., 1997. MLN64
contains a domain with homology to the steroidogenic acute regulatory

protein (StAR) that stimulates steroidogenesis. Proc. Natl. Acad. Sci.
U.S.A. 94, 8462–8467.

Yaworsky, D.C., Baker, B.Y., Bose, H.S., Best, K.B., Jensen, L.B., Bell,
J.D., Baldwin, M.A., Miller, W.L., 2004. pH-dependent interactions
of the carboxy terminal helix of steroidogenic acute regulatory pro-
tein (StAR) with synthetic membranes. J. Biol. Chem. 280, 2045–
2054.

Zhang, M., Liu, P., Dwyer, N.K., Christenson, L.K., Fujimoto, T., Mar-
tinez, F., Comly, M., Hanover, J.A., Blanchette-Mackie, E.J., Strauss
III, J.F., 2002. MLN64 mediates mobilization of lysosomal choles-
terol to steroidogenic mitochondria. J. Biol. Chem. 277, 33300–
33310.


	Ultrastructural and biochemical evidence for the presence of mature steroidogenic acute regulatory protein (StAR) in the cytoplasm of human luteal cells
	Introduction
	Materials and methods
	Subjects
	Dating of the CL
	Immunochemicals
	Immunoelectron microscopy
	Immunoblot analysis
	Statistics

	Results
	Immunoelectron microscopic studies of CL at different times throughout the luteal phase and after administration of the GnRH antagonist
	Immunolabeling densities in granulosa-lutein cells at different stages of the luteal phase and after administration of GnRH antagonist
	Immunoblot analyses of StAR in mitochondria and post-mitochondrial supernatants from CL of different ages and after administration of GnRH antagonist
	Immunoblot analysis of MLN64, mHSP70 and cytochrome c in mitochondria and post-mitochondrial supernatants of CL

	Discussion
	Acknowledgements
	References


