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In steroidogenic tissues, cholesterol must be transported to the inner mitochondrial membrane to
be converted to pregnenolone as the first step of steroidogenesis. Whereas steroidogenic acute
regulatory protein has been shown to be responsible for the transport of cholesterol from the outer
to the inner mitochondrial membrane, the process of how cholesterol moves to mitochondria from
the cytoplasm is not clearly defined. The involvement of the cytoskeleton has been suggested;
however, no specific mechanism has been confirmed. In this paper, using genetic ablation of an
intermediate filament protein in mice, we present data demonstrating a marked defect in adrenal
and ovarian steroidogenesis in the absence of vimentin. Cosyntropin-stimulated corticosterone
production is decreased 35 and 50% in male and female Vimentin null (Vim /") mice, respectively,
whereas progesterone production is decreased 70% in female Vim '~ mice after pregnant mare’s
serum gonadotropin and human chorionic gonadotropin stimulation, but no abnormalities in
human chorionic gonadotropin-stimulated testosterone production is observed in male Vim™/~
mice. These defects in steroid production are also seen in isolated adrenal and granulosa cells in
vitro. Further studies show a defect in the movement of cholesterol from the cytosol to mitochon-
dria in Vim ™'~ cells. Because the mobilization of cholesterol from lipid droplets and its transport
to mitochondria is a preferred pathway for the initiation of steroid production in the adrenal and
ovary but not the testis and vimentin is a droplet-associated protein, our results suggest that
vimentin is involved in the movement of cholesterol from its storage in lipid droplets to mito-
chondria for steroidogenesis. (Endocrinology 153: 3249-3257, 2012)

uring steroidogenesis, cholesterol is converted to var-
Dious steroid hormones in the adrenal and gonads (1).
There are three sources from which cholesterol can be
derived for use as a steroid precursor: de novo synthesis
from acetate in the cell, hydrolysis from cholesterol ester
(CE) stores within intracellular lipid droplets (LD), and
uptake of cholesterol from plasma lipoproteins. Choles-
terol within the cell, however, needs to be transported
from its site of synthesis or release within the cytoplasm
into mitochondria before it can be converted to preg-
nenolone as the initial enzymatic step in the synthesis of
steroid hormones. The transfer of cholesterol from the
cytoplasm into mitochondria is considered to be the rate-
limiting step in steroidogenesis. The involvement of the
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cytoskeleton in this process has long been under investi-
gation (2-5); however, no specific mechanisms involving
the cytoskeleton have been confirmed. In fact, conflicting
results have been obtained in studies using various cyto-
skeletal inhibitors, due partly to the lack of specificity of
the inhibitors. Recent studies have shown that intermedi-
ate filament (IF) proteins, which constitute part of the
cytoskeleton yet are distinct from microtubules and mi-
crofilaments, could be involved in dynamic scaffolding of
the cytoskeleton in response to various stress conditions
and appear to display cytoprotective and tissue specific
functions (6).

Vimentin is an IF protein that is expressed in mesen-
chymal cells, including adrenal cells (7, 8). Several differ-

Abbreviations: Bt,cAMP, Dibutyryl cCAMP; CE, cholesterol ester; hCG, human chorionic
gonadotropin; hHDL3, human apok free high-density lipoprotein; HSL, hormone-sensitive
lipase; IF, intermediate filament; LD, lipid droplets; LDL, low-density lipoprotein; LDLR, low
density lipoprotein receptor; LRP 1, LDL receptor related protein 1; PMSG, pregnant mare’s
serum gonadotropin; SRB-I, scavenger receptor type B-I; Vim /=, Vimentin null; WT, wild
type.
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ent reports of proteomic analyses of LD isolated from cells
have consistently identified vimentin as an LD associated
protein, and vimentin has been noted to be attached to and
to form a capsule around LD (8-10). Vimentin has been
shown to interact with several different proteins, includ-
ing some with motor-like properties and sterol binding
properties (11-13). In addition, vimentin has been re-
ported to function as a reservoir for one of the soluble
N-ethylmaleimide sensitive fusion factor attachment pro-
tein receptor components, synaptosomal-associated pro-
tein of 23 kDa, thus potentially linking vimentin indirectly
to membrane fusion (14). Using a proteomics approach,
vimentin was identified as an interacting partner of ago-
nist stimulated B3-adrenergic receptors and this interac-
tion was shown to be important for activation of ERK and
stimulation of lipolysis (15), providing additional evi-
dence for involvement of vimentin in LD metabolism. Ad-
ditionally, we have provided evidence that vimentin in-
teracts with hormone-sensitive lipase (HSL) and that this
interaction influences lipolysis and movement of HSL to
the LD (16). Vimentin null (Vim /") mice develop nor-
mally and can reproduce with no obvious phenotype (17).

In the current paper, using genetic ablation of vimentin
in mice, we present data demonstrating a marked defect in
steroidogenesis in the absence of vimentin that can be dem-
onstrated under both in vivo and in vitro conditions. This
blunted steroidogenic response is especially apparent un-
der stimulated conditions, and appears to be due to a de-
fect in cholesterol movement to the mitochondria.

Materials and Methods

Chemicals and reagents

Reagents were obtained from the following sources: choles-
terol assay kit from Stanbio (Boerne, TX); bicinchoninic acid
assay protein kit from Pierce Biotechnology, Inc. (Rockford, IL);
organic solvents were from J. T. Baker (Phillipsburg, NJ); TRIzol
reagent and SuperScript II from Invitrogen (Carlsbad, CA);
RNeasy kit from QIAGEN (Valencia, CA); SyBr green Tagman
PCR kit from Applied Biosystems (Foster City, CA); Odyssey
blocking buffer, goat antimouse IgG-IRDye 800, donkey anti-
goat IgG-IRDye 680, and goat antirabbit IgG-IRDye 680 from
Li-Cor Biosciences (Lincoln, NE). All other reagents were from
Sigma (St. Louis, MO), unless otherwise noted.

Animals and treatments

Mice with homologous ablation of vimentin on a sv129 back-
ground were obtained from Dr. John Eriksson (Abo Akademi
University, Turku, Finland) (18). Mice were maintained in the
animal facility at the Veterans Affairs Palo Alto Health Care
System on a 12-h light, 12-h dark cycle. All procedures were in
accordance with institution guidelines and approved by the in-
stitutional animal care and use committee of the Veterans Affairs
Palo Alto Health Care System. For breeding experiments, mice
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heterozygous for the deleted vimentin allele were bred to gener-
ate Vim /"~ and vimentin*/* wild-type (WT) littermates. Geno-
typing was performed as described previously (19). For cosyn-
tropin treatment, age-matched adult animals were treated with
0.8 ug/kg cosyntropin for 1 h before blood was drawn. To mea-
sure the cholesterol content in mitochondria, age-matched ani-
mals were treated with aminoglutethimide (0.5 g/kg) for 4 h
before cosyntropin treatment for 1 h and collection of adrenals.
After homogenization of intact adrenals, mitochondria were iso-
lated by differential centrifugation and total cholesterol content
measured using a kit from Stanbio (20).

Isolation of primary adrenocortical, ovarian
granulosa, and testicular Leydig cells for in vitro
steroid production

For isolation of adrenocortical cells, age matched WT and
Vim ™/~ mice were killed and adrenals removed and cleaned free
of fat. Adrenals from 10 mice were pooled and finely minced with
scissors and digested with collagenase in a shaking incubator for
50 min. The resulting cell suspensions were washed three times
before plating in medium 199 and incubated for 48 h. Cultured
adrenocortical cells were treated with dibutyryl cAMP
(Bt,cAMP) for an additional 24 h and media collected for anal-
ysis of corticosterone using RIA.

Granulosa cells from WT and Vim ™'~ mice were prepared as
described previously (21). Briefly, immature female mice (22-25
d old) were injected once with 5 IU of pregnant mare’s serum
gonadotropin (PMSG) for 48 h. After hormone treatment, the
ovaries were excised and placed in basal medium [DMEM:F12
with 20 mm HEPES (pH 7.4)] supplemented with 100 U/ml pen-
icillin and 100 mg/ml streptomycin. Clumps of mural granulosa
cells and oocyte-cumulus complexes were released into the me-
dium by puncturing follicles with a 25-gauge needle. The mural
granulosa cells were collected in DMEM/F12/HEPES/BSA me-
dium and dispersed by being gently drawn in and out of a Pasteur
pipette. The granulosa cells were washed and resuspended in
fresh medium and cultured as described previously (22-24). The
cells were maintained at 37 C up to 72 h in basal medium
(DMEM:F12 supplemented with 2 ug/ml insulin, 5 ug/ml trans-
ferrin, 100 ng/ml hydrocortisone, and 2 ug/cm? human fibronec-
tin). They were then incubated with or without Bt,cAMP for 24 h
and/or human apoE free high-density lipoprotein (hHDL3; 500
pg/ml) for an additional 24 h. Granulosa cells from PMSG-
treated mice are partially luteinized. As such, these cells may be
programmed to take in lipoprotein-derived CE. However, ex-
pression of a maximal secretory response in these cells requires
further stimulation with 2.5 mm Bt,cAMP for 24-48 h. After the
incubation, media were collected and progesterone production
measured using RIA.

For isolation of Leydig cells, testicular interstitial cells con-
taining Leydig cells were isolated by mechanical dispersion of
decapsulated testis obtained from WT and Vim ™'~ mice. Highly
purified (>85%) Leydig cell preparations were obtained by sub-
jecting interstitial cell suspensions to Percoll density gradient
centrifugation as previously described (25). To assay steroido-
genesis, triplicate samples of freshly purified Leydig cells were
incubated without (basal) or with human chorionic gonadotro-
pin (hCG;10 ng/ml), Bt,cAMP (2.5 mMm) or 20a-hydroxycholes-
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terol (10 uMm) for 3 h, and subsequently samples of incubation
medium were frozen and stored until assayed for secreted tes-
tosterone by RIA (26).

Tissue section and staining of adrenal and ovary

Adrenals and ovaries were fixed in Tissue Tek optimal cutting
temperature (Sakura Finetek USA, Torrance, CA) and processed
into 10-um sections before staining with oil-red-O and hema-
toxylin and eosin. The diameters of 100 adrenal cells and LD per
animal were measured by microscopy and determined using Im-
ageQuant TL software (Amersham Biosciences Corp., Piscat-
away, NJ).

Selective uptake using double-labeled lipoproteins

Human low-density lipoproteins, hHDL3, and rat high-den-
sity lipoprotein were isolated and characterized as previously
described (22-24). For uptake and internalization studies, the
lipoproteins were equipped with two nonreleasable labels, i.e.
['2°1)-labeled dilactitol tyramine to mark lipoprotein proteins
and [*H]cholesteryl oleolyl ether to mark lipoprotein CE (22,
27). To measure cholesterol uptake into different organs, equal
amounts of double particles per body weight were injected into
age-matched WT and Vim ™'~ mice through tail veins, and ani-
mals were killed after 6 h and adrenal, ovary, and liver removed.
Tissues were homogenized and processed to extract internalized
and surface bound particles. Relative specific activities of dou-
ble-labeled particles and estimates of protein to cholesterol ratios
permit correction of data for surface binding of particles, inter-
nalization of intact particles (endocytic pathway), and internal-
ization of CE without apolipoproteins (selective pathway) (21,
27) were calculated.

Immunoblotting

Immunoblotting was performed as described previously (28).
Briefly, adrenals were homogenized in 50 mm Tris-HCI (pH 7.4),
8% sucrose, 1 mMEDTA, 0.1 mMNa;VO,,and 50 mm NaF with
10 pug/mlleupeptin, and protein concentrations were determined
by bicinchoninic acid protein assays. Approximately 20-ug pro-
teins were resolved by 4-15% gradient SDS-PAGE gel and blot-
ted onto nitrocellulose membranes. Membranes were blocked
with Odyssey blocking buffer (Li-Cor Biosciences) for 2 h at
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room temperature and were incubated with primary antibodies
at the following dilutions: anti-scavenger receptor type B-I
(SRB-I) (1:1000), anti- low density lipoprotein receptor (LDLR)
(1:1000), anti-B-actin (1:1000). Membranes were incubated
with the appropriate secondary antibody conjugated to infrared
dye (goat antimouse IgG-IR dye 800cw, and donkey antigoat
IgG-IR dye 680cw, goat antirabbit IgG-IR dye 680cw) at room
temperature for 1 h, washed three times with PBS (0.1% Tween
20), rinsed with PBS, and then detected by an Odyssey infrared
fluorescent imaging system (Li-Cor Biosciences).

RNA isolation and quantitative real time PCR
analysis

For RNA isolation, adrenal samples were homogenized in 1
ml of TRIzol reagent using a power homogenizer (Ultra-Turrax
T25; Labortechnik, Gottingen, Germany), and total RNA was
isolated using TRIzol reagent. After the ethanol precipitation
step, total RNA was dissolved in 30 ul ribonuclease-free water
and reamplified to amplified RNA and then converted to cDNA
for real-time PCR analysis. Real-time PCR was performed with
the cDNA prepared as above using an ABI Prism 8500 System
(Applied Biosystems) using SYBR green master mix reagent and
the primer pairs used listed in Table 1. The relative mass of
specific RNA was calculated by the comparative cycle of thresh-
old detection method according to the manufacturer’s instruc-
tion. Three independent sets of real-time PCR were performed
using different RNA preparations. Genes examined included:
SRB-I, LDLR, and LDL receptor related protein 1 (LRP1) for
cholesterol uptake as well as genes involved in the initial steps of
steroid hormone production, including CYP11A1, CYP17A,
CYP11B1, CYP21A2, and 3BHSDII.

Statistics

Data are expressed as means = SEM. Statistical analyses
were performed by two-way ANOVA using Prism 5 for Mac
OS X (GraphPad Software, Inc., La Jolla, CA). Differences
between groups were considered statistically significant when
P < 0.05.

TABLE 1. Primers for Tagman PCR

Gene Assession no. Sequence (5-'-3')
CYP17A NM_007809 GCCTGGGTACCACAACTGCAGTG
TCCTTGGTCCGACAAGAGGCCT
CYP11B1 NM_001033229 CGTGTTTGTGACGTTGCCGGA
CACACCACGTCCCAGGCCAC
CYP21A1 NM_009995 TTCCTACAGCCTAACCTTCCCATCT
GAGCAGAGGCAGCTGCATTCG
CYP21A2 NM_000500 TGGACGTGATTCCCTTTCTC
CACCCCTTGGAGCATGTAGT
3BHSDII NM_153193 TCCAGCTCAGTTGATGTTGC
TGCCTTCTCAGCCATCTTTT
SR-BI NM_016741 AAGTGGTCAACCCAAACGAG
ACGGTGTCGTTGTCATTGAA
LRP1 NM_008512 ACCACCAGCTACCTCATTGG
CCTGGCCACACTAATGGTCT
LDLR NM_010700 TCCTGGAGATGTGATGGACA

GAGCCATCTAGGCAATCTCG
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Results

Effects of ablation of vimentin on circulating
steroid hormone levels

To analyze the involvement of the IF, vimentin, in the
process of steroidogenesis, both male and female WT and
Vim ™/~ mice were treated with cosyntropin and serum
collected 1 h later for analysis of corticosterone levels. As
shown in Fig. 1A, compared with WT mice, corticosterone
levels are reduced 35% in males (P < 0.05) and more than
50% in female Vim ™/~ mice. Because the production of
progesterone in female animals is affected by the estrus
cycle, the progesterone levels in female animals were mea-
sured over a period of 6 d. As shown in Fig. 1B, the ab-
lation of vimentin did not change the estrus cycle of the
animals; however, the peak levels of progesterone in
Vim ™/~ female mice were significantly lower than that of
WT (P < 0.05). To evaluate the effect of vimentin defi-
ciency on progesterone production further, female ani-
mals were stimulated with PMSG (5 U/mouse) for 56 h
followed by administration of hCG (2.5 U/mouse), serum
was collected at 4 and 24 h and progesterone levels ana-
lyzed. As shown in Fig. 1C, serum progesterone is 70%
lower in Vim ™/~ animals compared with their WT litter-
mates at 4 h (P < 0.001) and there is a trend of reduction
(60%) at 24 h (P = 0.05). Examination of testosterone
levels in the serum of male mice 4 h after hCG treatment
revealed no difference between WT and Vim /'~ animals
(WT 54 + 19 ng/mlvs. Vim ™'~ 45 + 23.3 ng/ml, P = 0.4).
Taken together, the reduction in circulating serum steroid
levels in Vim ™/~ animals, particularly after acute stimu-
lation, suggests a defect in steroidogenesis in the adrenal
and ovary but not in the testis.
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FIG. 1. Serum corticosterone and progesterone levels. A, Age-
matched male and female WT and Vim™~ mice (n = 3-5) were
injected with 0.8 wg/kg cosyntropin and bloods were drawn 1 h later.
Serum corticosterone levels were analyzed using RIA. B, Serum was
collected daily from female WT and Vim ™~ littermates (n = 5) at age
4 months and serum progesterone levels analyzed using RIA. C, Age-
matched female WT and Vim ™'~ mice (n = 5) were injected with 5 |U
of PMSG for 48 h before treatment with hCG. Serum was collected at
4 and 24 h and progesterone levels measured using RIA. *, P < 0.05;
*xx P <0.001.
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Decreased steroidogenesis in primary
adrenocortical and granulosa cells from Vim™
mice

To further confirm the defects in steroidogenesis ob-
served in circulating serum steroids of Vim ™/~ mice, pri-
mary adrenocortical and primary granulosa cells were iso-
lated from Vim ™'~ and WT mice and steroidogenesis
examined in the absence and presence of cAMP treatment.
As shown in Fig. 2A, corticosterone production in adre-
nocortical cells from male Vim™'~ mice was approxi-
mately 70% lower than that in WT cells under basal con-
ditions and approximately 80% lower after cAMP
stimulation (P < 0.05). As shown in Fig. 2B, progesterone
production in luteinized granulosa cells is extremely low
and similar between Vim '~ and WT under basal condi-
tions and tends to be reduced in Vim '~ cells after cAMP
stimulation, but this did not reach statistical significance.
Nonetheless, when incubated in the presence of high-den-
sity lipoprotein together with cAMP, there is a 45% re-
duction in progesterone produced by granulosa cells from
Vim ™/~ mice (P < 0.001). These data confirm in isolated
primary cells in vitro the defects in steroidogenesis when
vimentin is deficient that were observed in vivo.

Leydig cells were prepared from age matched WT and
Vim ™/~ mice, and cells were treated with cAMP or 20-a-
hydroxycholesterol. As shown in Fig. 2C, basal testoster-
one production from the Leydig cells is very low; however,
cAMP treatment results in more than a 20-fold increase in
testosterone production in cells isolated from both WT
and Vim ™'~ mice. Similarly, there is no difference in tes-
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FIG. 2. Steroidogenesis in primary adrenocortical, granulosa, and
Leydig cells from Vim ™~ mice. Primary adrenocortical, granulosa, and
Leydig cells were prepared as described in Materials and Methods. A,
Adrenocortical cells were plated at a density of 2 X 10°/well and
treated with or without Bt,cAMP for 24 h and media collected for
analysis of corticosterone using RIA. B, Granulosa cells were plated at a
density of 2 X 10°/well and incubated with or without Bt2cAMP and
hHDL3 (500 ug/ml) for 48 h. Media were collected for analysis of
progesterone using RIA. C, Leydig cells were plated at a density of
2 X 10°/well and incubated with or without Bt,cAMP or 20-a-
hydroxycholesterol. Media were collected for analysis of testosterone.
All treatments were carried out in triplicate and the experiments were
repeated three times. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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tosterone production in Leydig cells from WT and Vim "/~
mice treated with 20-a-hydroxycholesterol. Thus, vimen-
tin deficiency was not associated with any abnormalities in
testicular steroid production iz vivo or in vitro, whereas
defects in both adrenal and ovarian steroid production
were observed.

Reduction in LD size and impaired cholesterol
movement to mitochondria in Vim~'~ animals

Because steroidogenesis in the adrenal and ovary de-
pends heavily on lipoprotein- and LD-derived cholesterol,
whereas steroidogenesis in the testis primarily uses endog-
enously synthesized cholesterol as a precursor (29, 30), the
observed defects in steroidogenesis in the adrenal and ova-
ries of Vim '~ mice with normal testosterone production
raised the possibility of the involvement of vimentin in
processing lipoprotein- and/or LD-derived cholesterol. To
explore the mechanisms underlying the defect in steroid-
ogenesis in Vim /™ mice, adrenals and ovaries from age-
matched WT and Vim ™/~ animals were collected and
weighed. Although the weights of adrenals and ovaries
vary, there are no significant differences between WT and
Vim ™'~ mice. Cellular cholesterol expressed per milligram
tissue weight is also not statistically different between WT
and Vim ™'~ mice (Table 2). Frozen sections of adrenals
from WT and Vim ™/~ mice were prepared and stained
with oil-red-O to evaluate lipid accumulation (Fig. 3A).
Interestingly, the volume of individual adrenal LD was
significantly smaller in the Vim ™'~ mice than WT (P <
0.001) (Fig. 3B). The histogram of LD volume shows that
there was also a considerably greater percentage of smaller
LD in adrenals of Vim ™/~ mice than WT (Fig. 3C).

To examine the movement of cholesterol from the cy-
tosol to mitochondria in cells, WT and Vim ™/~ mice were
pretreated with aminoglutethimide before stimulation
with ACTH or saline. One hour after treatment, the ani-
mals were killed, their adrenals removed, and mitochon-
dria isolated and cholesterol content measured. As shown
in Fig. 4, adrenal mitochondrial cholesterol content ex-
pressed per unit of cytochrome C was not different in WT
and Vim ™/~ mice under basal conditions, whereas mito-

TABLE 2. Weight and total cholesterol content in

adrenal and ovary of WT and Vim ™~ mice

Weight (mg) TC (ng/mg)

WT Vim~/~ WT Vim™/~
Male adrenal 6.0£1.1 53 *£0.1 30.9+99 45.2+16.0

6.2+0.8 6.4 =1.1 47.9%£10.5 48.0+2.9
111221 9.42*2.4 17.9%x49 184%6.9

Female adrenal
Female ovary

Adrenals and ovaries from 6-month-old animals (n = 5) were
collected, weighed, and total cholesterol analyzed. TC, Total
cholesterol.
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FIG. 3. Lipid droplet size in adrenals. Adrenals from WT and Vim ™/~

littermates were collected, sectioned, and stained with Oil-red-O. A,
Oil-red-0 staining of adrenal sections of WT and Vim ™~ animals. B,
Histogram of LD size of adrenal sections of WT and Vim ™'~ mice. ***,
P < 0.001.

chondrial cholesterol content was approximately 65%
lower in the Vim ™/~ mice compared with WT (P < 0.05)
1 h after treatment with ACTH. This result suggests that
there could be a defect in cholesterol transfer to mitochon-
dria in Vim ™~ cells.

To examine the possibility that cholesterol delivery to
the cells might be reduced in Vim ™/~ compared with WT
animals, cholesterol uptake from lipoproteins into adre-
nal, ovary, and liver was studied using double-labeled li-
poprotein particles with ['*°I]-labeled dilactitol tyramine
to mark lipoprotein proteins and [*H]cholesteryl oleolyl
ether to mark lipoprotein CE. Equal amounts of double-
labeled particles were injected into mice through tail veins,
and animals were killed after 6 h and adrenal, ovary, and
liver removed. Tissues were homogenized and processed
to extract internalized and surface bound particles, and
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FIG. 4. Cholesterol movement to mitochondria in Vim™~ cells.
Six-month-old WT and Vim ™~ animals (n = 7) were treated with
aminoglutethemide for 4 h and cosyntropin for 1 h before the animals
were killed. Adrenals were collected, mitochondria prepared by
differential centrifugation, and cholesterol content measured.

* P <0.05.
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selective uptake (uptake of CE without lipoprotein parti-
cle) was calculated. As shown in Table 3, both the selective
and endocytic uptake of CE in adrenal, ovary, and liver
were not significantly different between Vim '~ and WT
animals. Thus, vimentin does not appear to be involved in
the selective or endocytic uptake of lipoprotein-derived
cholesterol.

To evaluate the possibility that changes in pathways
that are involved in cholesterol uptake or the initial steps
of steroid hormone production might have occurred with
the ablation of vimentin, we examined the mRNA levels of
SRB-I, LDLR, and LRP1 as well as genes involved in the
initial steps of steroid hormone production, including
CYP11A1, CYP17A, CYP11B1, CYP21A2, and
3BHSDII, using RT-PCR. The relative level of expression
of each of these genes is not significantly different in WT
and Vim /™ adrenals (Fig. SA). Levels of some of the pro-
teins involved in LD and cholesterol uptake were also as-
sessed using specific antibodies. As shown in Fig. 5B, the
protein levels of HSL, perilipin, and SRB-I in the total cell
extracts of adrenals from WT and Vim ™/~ mice were not
different. We also examined the mRNA expression levels
of CYP11A1 and 3BHSDII by RT-PCR in the ovaries of
WT and Vim ™'~ mice 24 h after PMSG treatment. The
relative levels of expression of both genes were not signif-
icantly different in the ovaries of WT and Vim ™/~ mice
(Fig. 5C).

Discussion

Intermediate filaments are proteins that have a central
coil-coil a-helical rod domain with an N-terminal head
and a C-terminal tail domain of various lengths (18, 31).
Based on their domain and sequence homology, IF pro-
teins can be classified into five groups. Most IF proteins are
regulated by posttranslational modifications and binding
proteins and, in turn, change their polymerization and
mechanical properties in cell- and tissue-specific expres-
sion patterns or associated with specific differentiation
stages of cells. Together with microfilaments and micro-
tubules, IF proteins are involved in maintaining the struc-
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FIG. 5. Gene expression and protein levels in adrenal and ovary of WT
and Vim™~ mice. Adrenals from 6-month-old WT and Vim ™'~ animals
(n = 3) were collected and used for analysis of gene expression levels
(A) and protein levels (B). Ovaries from 6-month-old WT and Vim ™/~
animals (n = 3) were collected 24 h after treatment with 5 IU of
PMSG, RNA extracted, and used for analysis of gene expression levels

Q).

ture of the cellular cytoskeleton, as well as tissue integrity
(32, 33). It is also known that IF proteins are involved in
dynamic scaffolding of the cytoskeleton in response to
various stress conditions and have cytoprotective and tis-
sue-specific functions.

The initial indication of the involvement of IF in ste-
roidogenesis came from studies showing that both func-
tional mitochondria and cholesterol-enriched LD are spe-
cifically attached to IF in Y1 adrenal tumor cells (34, 35)
and testicular Leydig cells (36), raising the possibility that
such association may facilitate the transport of cholesterol
to mitochondria for steroid synthesis (37). Later studies
showed that overexpression of oxysterol binding protein
related protein 4, which interacts with vimentin and
causes its aggregation, results in a defect in cholesterol

/

TABLE 3. Lipoprotein cholesteryl ester uptake in adrenal, ovary, and liver of WT and Vim ™'~ mice
Adrenal Ovary Liver
WT Vim~/~ WT Vim~/~ WT Vim~/~
Selective (ng/mg) 54.64=11.11 58.16x9.88 11.21+£3.13 8.54+5.31 45.72+6.73 51.93£8.95
Endocytic (ng/mg) 3.49+0.48 4.27+1.27 3.32+0.38 4.99+1.10 7.81£4.58 3.21£0.32
Total (ng/mg) 58.14+11.46 62.43+9.51 14.53£2.93 13.52+4.52 53.53*+4.32 55.14%+9.16

WT and Vim ™~ mice (n = 6) were injected with equal amounts of double-labeled high-density lipoprotein particles/body weight and killed 6 h
later. Tissues were homogenized and processed to extract internalized and surface bound particles. Selective, endocytic, and total cholesterol

uptake were calculated.
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esterification (38). Likewise, adrenal cells lacking vimen-
tin display a defect in the reesterification of low-density
lipoprotein (LDL) cholesterol without any alterations in
LDL receptor-mediated endocytosis (39, 40), suggesting
that vimentin might possibly be involved in pathways of
cholesterol movement from endosomes to the endoplas-
mic reticulum. In support of this, Rab9 has been reported
to facilitate lipid movement from late endosomes in which
Niemann Pick disease, type C 1 resides and to interact with
vimentin (41). Although possible contributions of the cy-
toskeleton, including vimentin, to steroidogenesis have
been suggested in studies using inhibitors, conflicting re-
sults have been generated (4, 42). Also, it is important to
realize that the agents that were previously used in many
of these studies to disrupt microfilaments, e.g. nocodazole,
cytochalasin, and cycloheximide, affect tubulin and actin
but have no effects on vimentin (43).

In our studies using Vim '~ animals and cells, we first
demonstrate a marked defect in steroid hormone produc-
tion in adrenals and ovaries both iz vivo in intact mice and
in vitro in isolated cells but normal hormone production
in the testis. Studies into the possible underlying mecha-
nisms show that there are no defects in the uptake of li-
poprotein cholesterol into adrenals or ovaries. Although
the LD in both the adrenal and ovary of Vim ™/~ mice are
smaller, the weight of adrenals and ovaries and the amount
of total cholesterol per total protein are similar in Vim ™/~
and WT mice. Because we did not observe an increase in
the number of LD per cell but the size of the adrenals and
cholesterol content were not different, it would seem that
there might be an increase in the number of cells per ad-
renal (hyperplasia) in vimentin null mice. Moreover, our
current studies show that when stimulated, there is a
marked difference in the production of corticosterone and
progesterone both i1 vivo and in vitro in isolated cells of
Vim ™'~ mice. When cholesterol delivery to the cells was
assayed using double-labeled lipoprotein particles, both
the selective and endocytic uptake of CE into the adrenal,
ovary, and liver were similar in WT and Vim /" animals.
Taken together, the observations that the uptake of cho-
lesterol into tissues of WT and Vim '~ mice is not different
and that the total cholesterol content is not different sug-
gest that the defect in steroidogenesis is at the level of the
mitochondria, with either a defect in cholesterol transport
to mitochondria or a defect in mitochondrial processing of
cholesterol. A survey of expression of genes involved in
cholesterol uptake and cholesterol processing in mito-
chondria showed no significant differences between WT
and Vim /™ mice. The demonstration that mitochondrial
cholesterol content was markedly lower in adrenals of
Vim ™/~ mice after stimulation by ACTH in the setting of
inhibition of CYP11A by aminoglutethemide documents
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the defect to reside in the movement of cholesterol from
the cytosol to mitochondria. It should be noted that we did
not measure all hormones, for instance, aldosterone.
Thus, even though both aldosterone and corticosterone
production depend on cholesterol movement to mito-
chondria (44), our studies do not provide insights into the
effects of vimentin deficiency on aldosterone production.
Different from the testis in rodents, in which free cho-
lesterol is the main source of the precursor for steroid
hormone production, an important reservoir of choles-
terol for steroidogenesis in the rodent adrenal and ovary is
in the form of cholesterol esters stored in LD (1, 29, 30),
in which vimentin has been shown to form a capsule
around the droplet (33). In fact, the mobilization of cho-
lesterol from LD and transport to mitochondria is a pre-
ferred pathway for the initiation of steroid hormone pro-
duction in the rodent adrenal and ovary. Our data
showing a reduction in steroidogenesis with ablation of
vimentin in the adrenal and ovary, but not in the testis,
uncover a possible role of vimentin in the mobilization of
cholesterol from LD to mitochondria. Previous data have
shown that LD can have direct contact with mitochondria
(11-13), and proteomic analyses of LD consistently have
identified vimentin as a droplet-associated protein (9, 10,
45). More recently we have shown that vimentin can in-
teract with HSL and modulate the rate of lipolysis on hor-
mone stimulation in adipose tissue (16). Earlier investiga-
tions provided evidence that HSL can interact with
steroidogenic acute regulatory protein to facilitate choles-
terol transfer to mitochondria (20). Our observation of
smaller LD in the adrenals of Vim /'~ animals, as similarly
observed for adipocytes (16), would imply altered lipid
homeostasis in the cells where vimentin is ablated, sug-
gesting that vimentin is important in determining the size
or integrity of LD. Taking all of these facts into consid-
eration leads us to suggest that vimentin is an important
protein involved in mobilization of cholesterol from its
storage in LD in cytosol to mitochondria for steroidogen-
esis. Through its binding to LD and its interaction with
proteins that are involved in LD metabolism (vimentin-
HSL) as well as through its interactions with proteins that
target mitochondria (HSL-steroidogenic acute regulatory
protein), vimentin is an important component of a net-
work for facilitating the docking of LD to mitochondria
and increasing the transport of cholesterol to mitochon-
dria. With vimentin being the most abundant intermediate
filament and its role in cellular organization, our studies,
using vimentin ablation in mice, provide the first direct
evidence for an important role of vimentin in maintaining
lipid droplet homeostasis and participating in the move-
ment of cholesterol for steroid hormone production.
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