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Steroidogenic acute regulatory (STAR) protein is 
thought to mediate the rapid increase in steroid hor- 
mone biosynthesis in response to tropic hormones by 
facilitating cholesterol transport to the inner mitochon- 
drial membrane where the P450 side-chain cleavage 
enzyme (P450scc) is located. Since cholesterol deliv- 
ery is the regulated step in steroidogenesis and is depen- 
dent on de novo protein synthesis, StAR mRNA levels 
were examined in response to the tropic hormones, 
pregnant mare's serum gonadotropin (PMSG) and 
human chorionic gonadotropin (hCG). The results of 
this investigation revealed that major StAR mRNA tran- 
scripts of 3.4 and 1.6 kb and a less abundant transcript 
of 1.2 kb were detected in the adrenal, ovary, and tes- 
tis. Within the ovary, StAR mRNA levels were regulated 
by PMSG and hCG. The two major transcripts were 
increased in the immature rat ovary following PMSG 
administration and in the ovary, 8 d after ovulation, in 
response to stimulation by hCG. Serum progesterone 
levels were increased following hCG treatment in par- 
allel with the enhanced expression of STAR. Following 
PMSG treatment, ovarian StAR transcripts at 3.4 and 
1.6 kb were each increased twofold. In the ovary, 8 d 
following ovulation, basal ovarian StAR mRNA levels 
were elevated up to sixfold relative to the preovulatory 
StAR mRNA levels. Even with the enhanced basal level 
of StAR mRNA within the ovary 8 d postovulation, hCG 
administration still resulted in a 2.5- and 7-fold increase 
in the 3.4 and 1.6 kb (p < 0.025) transcripts, respec- 
tively, and a 58% increase in serum progesterone. In 
contrast to the dramatic alterations in StAR mRNA 
expression following hormonal stimulation, P450scc 
mRNA levels remained unchanged in response to hCG 
stimulation. The levels of serum progesterone paral- 
leled the change in ovarian StAR mRNA in all experi- 
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ments. This study provides the first evidence that StAR 
mRNA expression in the rat ovary is mediated by 
gonadotropins, further supporting its important role in 
the regulation of steroid hormone biosynthesis. 
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Introduction 

The rapid increase in steroid hormone biosynthesis in 
steroidogenic cells in response to hormone stimulation is 
well documented (Garren et al., 1965; Mendelson et al., 
1975; Cooke et al., 1975). The rate-limiting step of this 
rapid response appears to be the delivery of the cholesterol 
substrate to the rnitochondrial P450 side-chain cleavage 
enzyme (P450scc), which is located on the inner mitochon- 
drial membrane (Crivello and Jefcoate, 1980; Privalle et 
al., 1983a, b; Jefcoate et al., 1987; Lambeth et al., 1987; 
lida et al., 1989). Using mouse MA- 10 Leydig tumor cells, 
Stocco and colleagues (Stocco and Sodeman, 1991 ; Stocco 
and Chen, 1991; Stocco, 1992; Stocco and Clark, 1993; 
Stocco and Ascoli, 1993) have described a series of mito- 
chondrial proteins at 37, 32, and 30 kDa, which are synthe- 
sized in response to luteinizing hormone (LH), human 
chorionic gonadotropin (hCG), and in response to stimula- 
tion with the cAMP analog dibutyryl-cAMP (Stocco and 
Kilgore, 1988). Similar mitochondrial proteins were 
reported to appear in adrenal cells (Ponet  al., 1986a; 
Krueger and Orme-Johnson, 1988; Epstein et al., 1989; 
Alberta et al., 1989; Epstein and Orme-Johnson, 1991a; 
Griffin and Orme-Johnson, 1991 ), Leydig cells (Port et al., 
1986b), and luteal cells (Port and Orme-Johnson, 1986, 
1988) in response to tropic hormone stimulation. Stocco 
and Sodeman (1991) and Epstein and Orme-Johnson 
(1991 a) have postulated that during the processing of the 
37-kDa mitochondrial protein to the 32- and 30-kDa forms, 
cholesterol may be transferred from the outer to the inner 
mitochondrial membrane. Recently, Clark et al. (1994) 
isolated and cloned the 30-kDa LH-induced mitochondrial 
protein from mouse MA-I 0 Leydig tumor cells and have 
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referred to this protein as the steroidogenic acute regulatory 
(STAR) protein. StAR enhanced the mitochondrial conver- 
sion of cholesterol into pregnenolone in COS-1 cells when 
cotransfected with vectors encoding P450scc and adreno- 
doxin (Clark et at., t994; Lin et al., 1995; Sugawara et al., 
t995). This novel protein appears to be required for the 
acute regulation of hormone-induced steroidogenesis 
(Clark et al., 1994). 

The elegant work by Linet al. (1995) has recently dem- 
onstrated that StAR is mutated in individuals with congeni- 
tal lipoid adrenal hyperplasia (lipoid CAH), an autosomal 
recessive disorder that is characterized by impaired synthe- 
sis of all adrenal and gonadal steroid hormones. This study 
demonstrates that StAR is indispensable for normal adre- 
nal and gonadal steroidogenesis. Although the critical role 
that StAR plays in adrenal and gonadal tissue is evident 
from the study oflipoid CAH (Lin et al., 1995), hormonal 
regulation of this protein in the process of normal ovarian 
tissue development requires analysis. In the ovary and cor- 
pus luteum, StAR may be an essential protein that is 
required to facilitate cholesterol delivery to the inner mito- 
chondrial membrane for steroid hormone synthesis. 

To study hormone-mediated regulation of this novel 
protein in the ovary, StAR messenger ribonucleic acid 
(mRNA) levels were examined in rat ovarian tissue follow- 
ing stimulation by pregnant mare's serum gonadotropin 
(PMSG) and human chorionic gonadotropin (hCG). This 
study provides the first evidence that StAR mRNA levels 
are hormonally regulated in the rat ovary, further support- 
ing its important role in steroid hormone biosynthesis. 

Results 

A cDNA probe specific for rat StAR was generated using 
reverse transcription and polymerase chain reaction (RT- 
PCR) methods. An oligonucleotide primer specific for the 
3'-end of mouse StAR was used to reverse-transcribe rat 
adrenal RNA to cDNA. Using oligonucleotides designed 
from the mouse StAR sequence, a single PCR product was 
amplified. This PCR product migrated at a similar molecu- 
lar mass to that of mouse STAR, which was generated from 
mouse adrenal RNA using the identical PCR primers (Fig. 1 ). 
This 867-bp band was then cloned into the TA vector for 
sequencing and further propagation. Dideoxy chain termi- 
nation sequence analysis of the putative rat and mouse StAR 
cDNAs indicated that the PCR-amplified sequences were 
similar. To compare the sequence of the rat StAR cDNA 
obtained by RT-PCR with that of the published mouse and 
human cDNA sequences, the PC Gene program (Intelli- 
Genetics, Mountain View, CA) was utilized. The rat StAR 
sequence adjacent to the PCR primers was 92% homolo- 
gous with the mouse StAR sequence (Fig. 2) (Clark et al., 
1994) and 83% hornologous with the human StAR sequence 
(Sugawara et al., 1995). The deduced amino acid sequences 
indicate that the three amino acid sequences are similar. 
The amino acid sequences of rat and mouse are 96% iden- 

\ \ \ \  

Fig. 1. RT-PCR of the rat StAR cDNA. PCR products were ana- 
lyzed by 1% agarose gel electrophoresis. Mouse and rat adrenal 
RNA were reverse-transcribed to cDNA and amplified by PCR, 
lanes 1 and 2, respectively. Lane 3 is the RT-PCR reaction lack- 
ing the StAR-specific primers. 

tical, and there is 85% identity between rat, mouse, and 
human showing that this protein is well conserved between 
species (Fig. 3). 

To demonstrate that the rat cDNA probe generated was 
specific for StAR mRNA, total RNA isolated from mouse 
adrenal was probed and compared to the StAR cDNA hybrid- 
ization products detected in the rat adrenal and ovary. The rat 
StAR cDNA probe hybridized to two major mouse adrenal 
RNA transcripts at 3.4 and 1.6 kb, and a minor transcript at 
2.7 kb (Fig. 4). Similar to the StAR mRNA transcripts in the 
mouse adrenal, rat adrenal and ovarian mRNA also hybrid- 
ized to transcripts at 3.4 and 1.6 kb. The 2.7-kb transcript 
was not detected in the rat tissues; however, a minor 1.2-kb 
transcript was detected in the rat adrenal and ovary when 
blots were exposed for periods longer than 24 h. 

To demonstrate the tissue specificity of StAR expres- 
sion in the rat, RNA was isolated from several rat tissues 
and hybridized with the rat StAR cDNA. Results shown in 
Fig. 5 indicates that StAR was expressed only in the adre- 
nal, and not in any other tissue examined in this experiment. 
This suggests that StAR expression is limited to tissues that 
produce high levels of steroid hormones. In order to deter- 
mine whether all tissues that produce steroids express StAR~ 
we examined StAR mRNA levels in the ovary, adrenal, 
testis, placenta, and brain. The results of this analysis 
(Fig. 6) indicated that StAR expression was limited to the 
adrenal, ovary, and testis, and that the StAR transcripts 
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RSTAR - ATGTTCCTCGCTACGTTCAAGCTGTGTGCTGGGAGCTCCTACAGACATATGCGGA -55 

I [rff rilrl[IIlfr[ Jll[llll [ [iilil[l IffllrrflJlrl 
MSTAR - ATGTTCCTCGCTACGTTCAAGCTGTGTGCTGGAAGCTCCTATAGACATATGCGGA -55 

RSTAR - ACATGAAAGGACTGAGGCATCAAGCTGTGCTAGCCATTGGCCAAGAGCTGAACCG -Ii0 

IIJl rll i fltll Ill]Ill[ lJ IffllJlll IIII II I 
MSTAR - ATATGAAAGGATTAAGGCACCAAGCTGTGCTGGCCATTGGCCAAGAGCTCAACTG -II0 

RSTAR - GAGAGCCCTAGGGGACCCCAGTCCTGGGTGGATGGGTCAGGTCCGGCGTCGGAGC -165 

I lJl I IIlli llJ II lllll Ill fill 11 I II IIlJ 1 
MSTAR - GAGAGCACTGGGGGATTCCAGTCCCGGGTGGATGGGTCAAGTTCGACGTCGGAGC -I~5 

RSTAR - TCTCTACTTGGTTCTCAACTGGAAGCAACACTCTACAGTGACCAGGAGCTGTCCT -220 

II J[liliI[llll II Illll III lllIlll !If Illl I 
MSTAR - TCTCTGCTTGGTTCTCAACTGGAAGCAACACTCTATAGTGACCAGGAGCTGTCCT -220 

RSTAR ACATCCAGCAAGGAGAGGAAGCTATGCAAAAGGCCTTGGGCATACTCAACAACCA -275 

lii In II Ill II Ill I flU lllllJl III fill 1 
MSTAR - ACATCCAGCAGGGAGAGGTGGCTATGCAGAAGGCCTTGGGCATACTCAACAACCA -275 

RSTAR - GGAAGGCTGGAAGAAGGAAAGCCAGCAGGAGAATGGAGATGAAGTGCTAAGTAAG -330 

Ill IIllll llll I IIIII In II IlJ Ill lllr I 
MSTAR - GGAAGGCTGGAAGAAGGAAAGCCAGCAGGAGAACGGGGACGAAGTGCTAAGT.AAG -330 

RSTAR - GTGGTGCCAGGTGTGGGCAAGGTGTTCCGACTGGAGGTGCTGCTAGACCAGCCCA -385 

Illl I I iii II I l III II {If II !II lUll d 
MSTAR - ATGGTGCCAGATGTGGGCAAGGTGTTTCGCTTGGAGGTGGTGGTAGACCAGCCCA -385 

RSTAR - TGGACAGACTCTATGAAGAACTGGTGGACCGCATGGAGGCCATGGGAGAGTGGAA -440 

l fill IIIllil III II li{IIlll lllllII III llli I 
MSTAR - TGGACAGACTCTATGAAGAACTTGTGGACCGCATGGAGGCCATGGGAGAGTGGAA -440 

RSTA.R - CCCAAATGTCAAGGAAATCA.AGGTCCTGAAGAAGATTGGAAAAGACACAGTCATC -495 

I fill fill!If II Ill Ill flU lllllll ;Ii Ill! I 
MSTAR - CCCAAATGTCAAGGAGATCAAGGTCCTGCAGAGGATTGGAAAAGA~ACGGTCATC -495 

RSTAR - ACCCATGAGCTGCGTGCAGCAGCAGCAGGCAACCTGGTGGGGCCCCSAGACTTCG -550 

i Ill Illli II II IIllIlll lllllII lillllll I 
MST~ - ACTCATGAGCTGGCTGCGGCGGCAGCAGGCAACCTGGTGGGGCCTCGAGACTTCG -550 

RSTAR - TAAGCGTACGCTGTACCAAGCGTAGAGGTTCCACCTGTGTGCTGG~AGGCATGGC -805 

I IIIlJ llllld Ill II IIllllll llIIllll llllllllI I 
MSTAR - TGAGC~TGCGCTGTACCAAGCGCAGAGG~TCCACCTGTGTGCTGGCAGGCATGGC~ �9 -605 

RSTAR CACA~ACTTTGGGGAGATGCCTGAGCAAAGCGGTGTCATCAGAGCTGA~CACGGT -660 

IIIIII IIIIlil Ill II IIlll ii iI iiiiiiIIIIIIIIIIIIII 
MSTAR - CACACATTTTGC~GAGATGCCGGAGCAGAGTGGTGTCATCAGAGCTGAACACGGC -660 

RSTAR CCCACCTGCATGGTGCTTCATCCACTGGCTGGAAGTCCCTCAAAGAC~hAACTCA -7!5 

llIFIllIiIIl!I III lllIllllllliIIIllllll[ Jlill II{I!ll 
MSTAR CCCACCTGCATGGTGCTTCATCCACTGGCTGGAAGTCCCTCCA.AGACTAAACTCA "~= 

RSTAR CGTGGCTGCTCAGTATTGACCTCAAGGGGTGGCTGCC.~AGACCATCATCAACCA -770 

l IIiIllllIill llIIlll IIlllllIIIllll lllll llllIlli!il 
MSTAR - CTTGGCTGCTCAGTATTGACCTGAAGGGGTGGCTGCCGAAGACAATCATCAACCA -770 

RSTAR - AGTC~TATCACAGACCCAGATAGAGTTCGC~AGCCACTTGCGCAAGCGC.TGGAG -825 

Ill lJll li!{ lllIllllIlllIIIII Iirl IIllllIllll llll 
MSTAR - GGTCCTATCGCAGACCCAGATAGAGTTCGCCA.ACCACCTGCGCA.AGCGCCTGGAA -825 

RSTAR - TCCAGCCCTGCCTCTGAGGCCCAGTGTTAAGG -857 

lllllIIIlli I IIIIIIIiIIlllllll 
MSTAR - GCCAGCCCTGC=TCTGAGGCCCAGTGTTA.AGG -857 

Fi Z. 2. Comparison of the rat StAR cDNA sequence with the published mouse sequence (Clark et al., 1994). The mt and mouse nuc]eofide 
sequences share 96%homology between the two species. 

were not expressed in the placenta or brain. StAR was not 
detected in the testis by Northern blot analysis using total 
RNA. In order to enhance the level of the testicular StAR 
transcripts, StAR mRNA was induced by injecting male 
rats with hCG (50 IU). Testicular StAR mRNA expression 
was examined 3 h post-hCG injection, and the transcript 
sizes were similar to those in the adrenal and ovary. To 
demonstrate whether the absence of  StAR mRNA in the 
brain, kidney, placenta, and spleen was due to our inability 
to detect StAR using Northern blot analysis, the highly 
sensitive RT-PCR method was utilized. The RT-PCR re- 
sults revealed that StAR mRNA was limited to the adrenal 

(Fig. 7), confirming the tissue distribution observed by 
Northern blot analysis. 

To examine hormonal regulation of ovarian steady-state 
StAR mRNA levels, rats were treated with PMSG to induce 
follicular development followed by hCG treatment (50 IU), 
which induced ovulation and corpus luteum formation. The 
results of this experiment (Fig. 8) indicate that immature rat 
ovaries express very low basal StAR mRNA levels. Fol- 
lowing PMSG injection, StAR mRNA increased twofold. 
Serum progesterone levels in these animals were increased 
84% following PMSG injection. Following hCG injection, 
StAR mRNA levels were enhanced further (Fig. 8). The 
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MSTARP 
RSTARP 
HSTARP 

MFLATFKLCAGSSYRHMRNMKGLRHQAVI-akIGQELNWRALGDSSPG-WMG 49 
MFLATFKLCAGSSYRHMRNMKGLRHQAVLAIGQELNRRALGDPSPG-WMG 49 
MLLATFKLCAGSSYRHMRNMKGLRQQAVMAISQELNRRALGGPTPSTWIN 50 

MSTARP 
RSTARP 
HSTARP 

QVRRRSSLLGSQLEATLYSDQELSYIQQGEVAMQKALGILNNQEGWKKES 99 
QVRRRSSLLGSQLEATLYSDQELSYIQQGEEAMQKALGILNNQEGWKKES 99 
QVRRRSSLLGSRLEETLYSDQELAYLQQGEEAMQKALGILSNQEGWKKES I00 

MSTARP 
RSTARP 
HSTARP 

QQENGDEVLSKMVPDVGKVFRLEVVVDQPMDRLYEELVDRME~MGEWNPN 149 
QQENGDEVLSKVVPGVGKVFRLEVLLDQPMDRLYEELVDRMEAMGEWNPN 149 
QQDNGDKVMSKVVPDVGKVFRLEVVVDQPMERLYEELVERME~MGEWNPN 150 

MST~P 
RSTARP 
HSTARP 

VKEIKVLQRIGKDTVITHELAAAAAGNLVGPRDFVSVRCTKRRGSTCVLA 199 
VKEIK~KKIGKDTVITHELRAAAAGNLVGPRDFVSVRCTKRRGSTCVLA 199 
VKEI~LQKIGKDTFITHELAAEAAGNLVGPRDFVSVRCAKRRGSTCVLA 200 
****W**..W**** **W** * *************************** 

MSTARP 
RSTARP 
HSTARP 

GMATHFGEMPEQSGVIRAEHGPTCMVLHPLAGSPSKTKLTWLLSIDLKGW 249 
GMATHFGEMPEQSGVIRAEHGPTCMVLHPLAGSPSKTKLTWLLSiDLKGW 249 
GMDTDFGNMPEQKGVIRAEHGPTCMVLHPLAGSPSKTKLTWLLSIDLKGW 250 

MSTARP 
RSTARP 
HSTARP 

LPKTIINQVLSQTQIEFANHLRKRLEASPASEAQC 284 
LPKTIINQVLSQTQIEFASHLRKRLESSPASEAQC 284 
LPKSIINQVLSQTQVDF~NHLRKRLESHPASEARC 285 
*** *********************** ****W * 

Fig. 3. Comparison of the deduced amino acid sequence of rat StAR with the published mouse (Clark et al.. 1994) and human (Sugawara 
ctal., 1995) sequences. There is 85% identity among the rat, mouse, and human deduced amino acid sequences, and 96% identity between 
l d I  and n l o u s e .  
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Fig. 4. Colnparison of StAR transcripts in mouse and rat tissues. 
Northern blot containing 20 p.g of total RNA isolated from the 
indicated tissues was probed with the rat StAR cDNA. Both rat 
and mouse had major StAR transcripts at 3.4 and 1.6 kb. A minor 
transcript of 2.7 kb appeared in the mouse, whereas in the rat, a 
minor transcript appeared at 1.2 kb. This blot was exposed for 
48 h in order to detect the minor StAR transcripts. 

3.4-kb transcript was increased eightfold (p < 0.005), and 
the 1.6-kb transcript was elevated ninefold (p < 0.001 ) at 3 
h post-hCG treatment. The levels of  both transcripts de- 

clined slightly at 6 h, but remained significantly elevated 
relative to the control StAR mRNA levels. The cytochrorne 
P450scc mRNA level was increased 15-fold (p < 0.025) 
following PMSG treatment and remained elevated through- 
out the experiment. The results o f  this experiment indicated 
that ovarian P450scc mRNA levels were not altered by 
hCG injection, whereas serum progesterone levels in- 
creased (control = 21.5 _+ 0.9 ng/mL; 3 h post-hCG = 35.5 
+ 2.5 ng/mL, p < 0.05) at 3 and 6 h (47.5 + 2.3 ng/mL, 
p < 0.05) post-hCG injection. The rapid increase in proges- 
terone levels following PMSG and hCG treatments paral- 
leled the increase in StAR mRNA expression in the ovary. 

To determine whether hCG regulates ovarian StAR 
expression after ovulation, ovaries were examined on day 
8 of  pseudopregnancy. PMSG-primed immature rat ova- 
ries 8 d postovulation consist mainly of  corpora lutea. The 
StAR Northern blot results indicate that ovarian StAR 

expression was elevated 8 d after ovulation (Fig. 9) and that 
StAR mRNA levels were increased further (2.5 and seven- 
fold, respect ively)  fol lowing hCG injection. Both the 
3.4- and 1.6-kb transcripts were increased significantly 
(p < 0.025). In contrast to the change in StAR expression, 
P450scc mRNA was not altered by hCG injection in these 
animals. Serum progesterone levels were elevated follow- 
ing hCG administration (control = 79.0 + 3.1 ng/mL; 3 h 
post-hCG = 112.8 + 2.8 ng/mL, p < 0.005; 6 h post-hCG = 
124.4 + 3.3 ng /mL,p  < 0.005) in parallel with the increase 

in StAR mRNA expression. 
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Fig. 5. Expression of StAR mRNA in various rat tissues. Northern blots containing 20 lag of total RNA isolated from the indicated tissues 
were probed sequentially with StAR and [3-actin cDNAs. The autoradiograms for StAR were exposed for 20 h (A) and 48 h (B). Ethidium 
bromide staining of the ]8S ribosomal RNA subunit demonstrated equal loading of total RNA. 
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Fig. 6. Expression of" StAR in RNA in steroidogenic tissues. Northern blots containing 20 lag of total RNA isolated from the indicated 
tissues (n = 4 separate animals) were probed sequentially with StAR and [3-actin cDNAs. Expression was limited to the steroidogenic 
tissues: adrenal, ovary, and testis. StAR expression in the testis was detected only after hCG injection. The blot for StAR was exposed 
lbr 15 h, whereas the blot for actin was exposed for 12 h. 

Discussion 

This investigation demonstrates that StAR mRNA is 
expressed in rat tissues that have high steroidogenic 
capacity. This study shows for the first time that StAR 
mRNA expression in the rat ovary is controlled by tropic 
hormones, which are known to regulate steroid hormone 
biosynthesis. These experiments demonstrate that hCG 
increases the steady-state levels of  StAR mRNA in the 
ovary during follicular and luteal development. The rise 
in StAR expression paralleled the rise in serum proges- 
terone levels, consistent with StAR's presumed role in the 
regulation o f  steroidogenesis. 

The deduced rat StAR sequence was found to be similar 
to the mouse (Clark et al., 1994), bovine (Hartung et al., 
1995), and human (Sugawara et al., 1995) StAR cDNA 
sequences recently reported. It is unlikely that sequence 

variation noted in our experiment between the rat and other 
species was attributable to the PCR, since RT-PCR of  the 
mouse sequence, using identical primers and methods, 
yielded a StAR sequence that was 100% homologous with 
the mouse cDNA coding region reported previously (Clark 
et al., 1994). Although there is 92% homology between rat 
and mouse nucleotide sequences and 96% identity at the 
amino acid level, an important difference was noted at 
amino acids 43 and 44, The deduced rat amino acid 
sequence contains a proline and serine at amino acids 43 
and 44, respectively, whereas the mouse sequence has 
serine residues at both positions. The serine residue at 
amino acid 43 is thought to be required for recognition and 
cleavage by mitochondrial proteases prior to protein import 
into the mitochondria (Hendrick et al., 1989). However, the 
serine residue at amino acid 43 in the mouse is not present 
in the rat, bovine, or human deduced amino acid sequences. 
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Fig. 7. RT-PCR of mRNA from various rat tissues. One micro- 
gram of RNA isolated from various tissues was reverse-tran- 
scribed for 1 h at 42~ before PCR using StAR-specific primers. 
Products were analyzed on a 1% agarose gel containing ethidium 
bromide. Data are typical of that obtained from two separate 
animals (n = 2). 

Although the exact biochemical mechanisms necessary for 
mitochondrial StAR import are unclear, we do know that 
mature StAR is associated exclusively with the mitochon- 
dria, and that the 37-kDa form is a cytosolic precursor of 
StAR and is processed by the mitochondria to all four 
30-kDa mature forms (King et al., 1995). 

The rat StAR cDNA detected multiple mRNA transcripts 
in mouse adrenal and in rat adrenal and ovarian tissues. The 
major transcripts detected in the rat were at 3.4 and 1.6 kb. 
This is consistent with what has recently been reported in 
the MA-10 mouse Leydig tumor cell line (Clark et al., 
1995). StAR mRNA was detected in the unstimulated rat 
adrenal and ovary, and in hormone-stimulated testicular 
tissue. StAR expression in these tissues is consistent with 
that reported for the human and bovine StAR mRNA tran- 
scripts (Sugawara et al., 1995; Hartung et al., 1995). The 
absence of  StAR mRNA in the testis may reflect the fact 
that this tissue was in a less stimulated state. Our finding 
may be similar to the results obtained using mouse Leydig 
cells in which the StAR protein is upregulated only after 
gonadotropin stimulation (Epstein and Orme-Johnson, 
1991b). Since the male animals used in our experiment 
were 36 d old at the time of analysis, the absence of any 
basal StAR mRNA levels may also reflect the juvenile state 
of these rodents. StAR mRNA was not detected in rat pla- 
centa or brain, consistent with the findings previously 
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StAR 

B 

18S--~ 
++;; +++:+++ 

C 

1 8 S ~ : :  + . . . .  + 

U U l  I 
' ~ ,  , Ot " 60 Hours Post-PMSG 

%t~. I I I  II I 
"fO'l'e~':~ -hOG +hCG , HRS +hCG 6 HRS 

Fig. 8. Regulation of StAR mRNA expression in rat ovaries by 
hCG. Twenty-eight-d-old Sprague-Dawley rats (n = 4/time- 
point) were injected with 8 IU PMSG and 60 h later received an 
injection ofhCG (50 U). Ovaries were obtained for control (to), 
3- and 6-h time-points post-hCG injection. Northern blot analysis 
of StAR mRNA in the ovary following hCG treatment. This blot 
was probed sequentially for STAR, P450scc, and [3-actin. 

reported by Sugawara et al. (1995). The absence of StAR 
mRNA in the placenta may be related to the fact that pla- 
cental progesterone is not under acute cAMP regulation 
(Sugawara et al., 1995). Unlike the human, StAR was not 
detected in the rat kidney. 

In the rat, the most prominent StAR mRNA species 
was 3.4 kb in size. Following tropic hormone stimula- 
tion, a 1.2-kb transcript was detected. Currently, the rela- 
tionship between the multiple transcripts in the rat adrenal, 
ovary, and testis is unclear. However, a recent study has 
shown that the two different transcripts observed in bovine 
corpora lutea are due to differential polyadenylat ion 
(Hartung et al., 1995). This is further supported by the 
existence of multiple polyadenylation signals in the 3'- 
untranslated region of  the bovine StAR cDNA. Although 
the biological relevance of  this differential polyadenylation 
is unknown, our study has clearly demonstrated that both 
the 3.4- and 1.6-kb rat mRNAs are regulated hormonally. 
The significant increase in these transcripts following 
PMSG and hCG administration is consistent with the 
expression of  this protein being rapidly regulated (Clark et 
at., 1994; Lin et al., 1995; Sugawara et al., 1995). The par- 
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Fig. 9. Regulation of StAR mRNA expression in rat ovary (8 d 
postovulation) by hCG. Twenty-eight-d-old Sprague-Dawley rats 
(n = 4/time-point) were injected with 8 IU PMSG and 8 d after 
ovulation were injected with hCG (50 U). Ovaries were obtained 
for control (to), 3- and 6-h time-points post-hCG injection. North- 
ern blot analysis of StAR mRNA in the ovary 8 d postovulation 
following hCG treatment. This blot was probed sequentially for 
STAR, P450scc, and 13-actin. 

allel increase in the StAR mRNA transcripts in association 
with the significant rise in serum progesterone further sup- 
ports StAR's putative role as an essential regulator of ste- 
roid hormone synthesis (Clark et al., 1994; Lin et al., 1995; 
Sugawara et al., 1995). Our experiments are further sup- 
ported by the fact that the cDNA sequence obtained for rat 
StAR is very homologous to both mouse and human cDNA 
sequences, both of which encode for functional proteins 
necessary for steroidogenesis (Clark et al., 1994; Sugawara 
et al., 1995). 

The results of  this study indicate that P450scc is 
induced in the immature ovary by PMSG and that P450scc 
mRNA levels remain elevated independent ofhCG admin- 
istration following corpus luteum development. This is 
consistent with P450scc being constitutively expressed in 
luteinized ovarian cells following ovulation (Goldring 
et al., 1987; McLean et al., 1989). Although ovarian 
P450scc mRNA levels were not altered by hCG treatment, 
StAR expression was significantly enhanced in parallel 
with an elevation in serum progesterone. After hCG stimu- 
lation, there was a dramatic increase in both the 3.4- and 
1.6-kb ovarian transcripts by 3 h, but by 6 h, both the upper 

and lower transcripts began to decline. By 3 h, the two 
major transcripts were accompanied by the emergence of  
a 1.2-kb transcript. Whether the 1.2-kb transcript is also a 
product of differential polyadenylation remains unclear. 
Hartung et al. (1995) have suggested that this signal may 
be a tissue inhibitor of metalloproteinase-I (TIMP-1) 
RNA transcript that crosshybridizes to the StAR probe 
because of an area of high homology to TIMP- 1 within the 
StAR cDNA. 

Acute regulation of cholesterol transport in response 
to tropic hormones is well documented (Garren et al., 
1965; Mendelson et al., 1975; Cooke et al., 1975), and 
studies by several laboratories (Clark et al., 1994; Linet 
al., 1995; Sugawara et al., 1995) support the concept that 
StAR enhances steroid production. The results of this 
investigation indicate that StAR mRNA is expressed in 
the adrenal, ovary, and testis. Furthermore, this study indi- 
cates that StAR mRNA is rapidly regulated by tropic hor- 
mones in the rat ovary and demonstrates that StAR's 
enhanced expression parallels progesterone production 
following hormonal stimulation. 

Materials and Methods 

Chemicals and cDNA Probes 

hCG was purchased from Sigma Chemical Co. (St. 
Louis, MO). PMSG was purchased from Diosynth (Chi- 
cago, IL). 1,2,6,7-3H(N)-progesterone ( 104.1 Ci/mmol) and 
[35S]deoxy-ATP (1348 Ci/mmol) were purchased from 
DuPont-New England Nuclear (Wilmington, DE). [a32P] - 
deoxy-CTP (3000 Ci/mmol) and the Sequenase DNA 
sequencing kit were obtained from Amersham Corp. 
(Arlington Heights, IL). BioMax and XAR-5 films were 
purchased from Eastman Kodak (Rochester, NY). SeaKem 
and SeaPlaque agarose were purchased from the FMC 
Corporation (Rockland, ME), and nylon membrane was 
obtained from Schleicher and Schuell (Keene, NH). TRI- 
Reagent, Background Quencher, Formazol, Microcarrier 
GeI-TR, and High Efficiency Hybridization solution were 
obtained from Molecular Research Center (Cincinnati, 
OH). The nick translation DNA labeling kit and all restric- 
tion enzymes were obtained from Boehringer Mannheim 
(Indianapolis, IN). The Wizard Miniprep and Megaprep 
DNA purification systems were purchased from Promega 
(Madison, WI). The kit for RT-PCR was purchased from 
Perkin Elmer (Norwalk, CT). The TA cloning kit was 
purchased from Invitrogen (San Diego, CA), and the 
Sephaglas BandPrep Kit was obtained from Pharmacia 
Biotech (Piscataway, N J). An RNA mol-wt marker was 
purchased from Gibco BRL (Grand Island, NY). All other 
chemicals were reagent-grade, and were obtained from 
Fisher Scientific (Norcross, GA) or Sigma Chemical Co. 
The eDNA probe for rat P450scc (Goldring et al., 1987) 
was obtained from Joanne Richards (Baylor College of 
Medicine, Houston, TX). 
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Twenty-eight-day-old Sprague-Dawley rats were pur- 
chased from Harlan Industries of Madison, WI. All proce- 
dures for hormone treatment and the methods for tissue and 
blood sampling were approved by the University of South 
Florida Animal Care Committee. Throughout the experi- 
ment, animals had free access to food and water, and were 
housed under a 12-h dark, 12-h light cycle. Follicular devel- 
opment and ovulation were induced in rats by injection of 
8 IU PMSG (i.m.). Rats ovulate approx 72 h following 
treatment with 8 IU PMSG (McLean et al., 1995). At 60 h 
post-PMSG treatment, one set of rats was injected with 
50 U of hCG (iv). Ovaries were removed prior to hCG 
injection (to) and at 3 and 6 h post-hCG treatment. In a 
second experiment, rats were treated with PMSG as indi- 
cated above, followed by hCG injection (50 U, iv) on day 
8. Ovaries, which consist mainly ofluteal tissue using this 
protocol (McLean et al., 1995), were removed prior to hCG 
injection (to) and at 3 and 6 h post-hCG treatment. The male 
rats used in this study were 36 d old at the time of hCG 
administration. Testicular tissue was removed 3 h post- 
hCG or vehicle injection. Tissue was immediately frozen in 
liquid nitrogen. Serum samples were obtained by cardiac 
puncture at the time of tissue removal, and serum was stored 
at 20~ until progesterone was assayed. Rats were 
euthanized by clipping the diaphragm while under ether 
anesthesia. In all experiments, 4 animals were utilized/treat- 
ment or time-point. 

Serum Progesterone Assay 

Progesterone was rneasured by RIA using 1,2,6,7-3H(N) - 
progesterone. This assay followed the methods previously 
described (McLean et al., 1989) and used the progesterone 
antibody GDN 337, which was kindly provided by G. D. 
Niswender (Colorado State University, Fort Collins, CO). 
The specificity, validity, and reliability of this RIA have 
been reported previously (Gibori et al., 1977). 

RNA Isolation and Electrophoresis 

RNA was prepared from ovaries using a modification of 
the Chomczynski and Sacchi method (Chomczynski and 
Sacchi, 1987) (TRI-Reagent Method, Molecular Research 
Center). This method consistently yields 5-8 ~g RNA/mg 
tissue. Tissue (<200 mg) was homogenized in 3 mL of TRI- 
Reagent with a Polytron homogenizer (Brinkmann Instru- 
ments, Westbury, NY), and centrifuged at 11,000g for 
15 min at 4~ RNA was precipitated from the aqueous 
phase with isopropanol, and the RNA pellet was washed in 
75% ethanol and resuspended in Formazol (Molecular 
Research Center). RNA was quantified by absorbance at 
260 nm in a Beckman DU-70 spectrophotometer (Palo 
Alto, CA). 

For Northern blot analysis, total RNA (20 gg) was dena- 
tured at 65~ (15 min) and loaded onto 1% agarose gels 
containing 3% formaldehyde. Following size fractionation, 

RNA was blotted onto a nylon membrane (0.45-gin pore 
size) by capillary transfer and RNA was fixed to the mem- 
brane by UV crosslinking (0.3 J/cm2). Ethidium bromide 
staining of the gel confirmed that the ribosomal RNAs (18S 
and 28S subunits) were intact, and determined whether 
equal amounts of RNA were loaded in each lane. 

Isolation and Characterization 
of  the Rat StAR cDNA Probe 

The isolation and characterization of the rat StAR 
complementary DNA (cDNA) probe were carried out by 
engineering primers from the mouse sequence (Clark et al., 
1994). The 5'-primer (GGATCCATGTTCCTCGCTAC 
GTTCAAG) spanned bases 73-92 of the mouse cDNA, 
and the Y-primer (AGATCTCCTTAACACTGGGCCTC 
AGA) spanned bases 910-927 (Clark et al., 1994). Both 
primers contained additional nucleotides (underlined), 
which correspond to restriction sites. The 3' (downstream) 
primer was used to carry out RT-PCR from rat adrenal 
RNA. One microgram of rat adrenal RNA was reverse tran- 
scribed for 1 h at 42~ This cDNA was then amplified by 
PCR using both primers. The conditions for PCR were 
denaturation at 95~ for 5 rain followed by 35 cycles of 
denaturation at 95~ for 1 min, annealing at 55~ for 2 rain, 
and extension at 72~ for 3 rain. The 867-bp fragment 
obtained by RT-PCR was then cloned into the TA vec- 
tor (lnvitrogen, San Diego, CA). The StAR cDNA was 
sequenced using the dideoxy chain termination method 
(Sanger et al., 1977) with [35S]deoxy-ATP and the Seque- 
nase 2.0 protocol (Amersham, Arlington Heights, IL). 

Northern Blot Analysis 

Northern blot hybridizations were performed using a 
867-bp rat StAR cDNA, a 1.2-kb rat P450scc cDNA 
(Goldring et al., 1987), or with a 2.0-kb chicken [3-actin 
cDNA. The cDNA inserts were labeled with [ct32p] deoxy- 
CTP using the nick translation DNA labeling method 
(Rigby et al., 1977). Northern blots were prehybridized at 
62~ for at least 3 h in a 1M NaCI, 1% SDS solution con- 
taining Background Quencher (Molecular Research Cen- 
ter). Hybridization was completed in a High Efficiency 
Hybridization Solution (Molecular Research Center) con- 
taining the 32p-labeled probe (1 x 106 dpm/mL; SA = 2 x 
108 dpm/btg DNA) at 62~ for at least 16 h. Blots were 
washed three times at room temperature (5 min) in 1X SSC/ 

1% SDS and three times at room temperature (10 min) in 
0.1X SSC/0.1% SDS, RNA:cDNA hybrids were visualized 
on BioMax film using two intensifying screens and a 12 
48 h exposure period. The RNA transcript size was deter- 
mined by comparison to an RNA mol-wt marker run 
adjacent to the sample RNA lanes. Blots were stripped and 
reprobed with rat P450scc and actin cDNAs. Densitometric 
analysis was performed on the 2.0-kb [3-actin transcript for 
the standardization of RNA loading. 
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RT-PCR 

Total RNA was isolated from various rat tissues as indi- 
cated above. One microgram o f  total RNA from the differ- 
ent  rat t issues was  used to ca r ry  out R T - P C R  using 
StAR-speci f ic  primers (listed above).  Using the down-  
stream primer, the RNA was reverse-transcribed for 1 h at 
42~ The c D N A  was then amplified by PCR using condi- 
tions o f  denaturation at 95~ fbr 5 min, followed by 35 
cycles o f  denaturation at 95~ for 1 min, annealing at 55~ 
for 2 min, and extension at 72~ for 3 min. PCR products 
were analyzed on a I% agarose gel containing ethidium 

bromide and compared  to a 100-bp ladder. 

Data Analysis 

The Northern blot results were quantitatively analyzed 
using a Hoefer  Scanning Densi tometer  (Hoefer  Instru- 

ments, San Francisco, CA). Minor variations in RNA load- 
ing were corrected for using the [3-actin cDNA.  Serum 
progesterone was expressed as the mean + SEM. Data from 
these individual parameters were compared by analysis o f  
variance ( A N O V A )  followed by Studenl-Newman-Keuls  
multiple compar ison test when applicable (Zar, 1974). All 
analyses were completed  using the Statview program with 

graphics (Abacus  Concepts ,  Berkeley, CA) on a Macintosh 
Ilci computer.  A p  < 0.05 was considered significant for all 

tests. 

A c k n o w l e d g m e n t s  

This work was supported by USF Research and Creative 
Scholarship Award  and NIH HD31644 grants to M. P. M. 

R e f e r e n c e s  

Alberta, J. A., Epstein, L. F., Pon, L. A., and Orme-Johnson, N. R. 
(1989). J. Biol. Chem. 264, 2368-2372. 

Chomczynski, P. and Sacchi, N. (1987). Anal. Biochem. 162, 156-159. 
Clark, B. J., Wells, J., King, S. R., and Stocco, D. M. (1994). J. Biol. 

Chem. 269, 28,314-28,322. 
Clark, B. J., Soo, S. C., Carom K. M., Ikeda, Y., Parker, K. L., and 

Stocco, D. M. (1995). Molec. Endocrinol. 9, 1346-1355. 
Cooke, B. A., Janszen, F. H. A., CIostscher, W. F., and van der 

Molen, H. J. (1975). Biochem. J. 150, 413-418. 
Crivello, J. C. F. and Jefcoate, C. R. (1980). J. Biol. Chem. 255, 

8144-8151. 
Epstein, L. F. and Orme-Johnson, N. R. ( 1991 a). J. Biol. Chem. 266, 

19,739-I 9,745. 
Epstein, L. F. and Orme-Johnson, N. R. (1991b). Molec. Cell. 

Endocrinol. 81, 113 126. 
Epstein, L. F., Alberta, J. A., Pon, k. A., and Orme-Johnson, N. R. 

(1989). Endocr. Res. 15, 117 127. 
Garren, L. D., Ney, R. L., and Davis, W. W. (1965). Proc. Natl. 

Acad. Sci. USA 53, 1443 1450. 
Gibori, G., Antczak, E., and Rothchild, I. (1977). Endocrinology 

100, 1483-1495. 

Goldring. N. B.. Durica, J. M.. Lifka, J., Hedin, L., Ratoosh, S. L., 
Miller, W. L., Orly, J., and Richards, J. S. (1987). Endo- 
crinology 120, 1942-1950. 

Griffin, G. E. and Orme-Johnson, N. R. ( 1991 ). d. Steroid Biochem. 
Molec. Biol. 40, 421~429. 

Hartung, S., Rust. W., Balvers, M., and lvell, R. (1995). Biochem. 
Biophys. Res. Comm. 215, 646-653. 

Hendrick, J. P., Hodges, P. E., and Rosenberg, L. E. (1989). Proc. 
Natl. Acad. Sci. USA 86, 4056M.060. 

lida, S., Papadopoulos, V., and Hall, P. F. (1989). Emtocrinologv 
124, 2619-2624. 

Jefcoate, C. R., DiBartolomeos, M. J., Williarns, C. A., and 
McNamara, B. C. (1987). J. Steroid Biochem. 27, 721-729. 

King, S. R., Ronen-Fuhrmann, T., Yirnberg, R., Clark, B. J., Orly, 
J., and Stocco, D. M. (1995). Endocrinology 136, 5165 5176. 

Krueger, R. J. and Orme-Johnson, N. R. (1988). Endocrinolog.v 
122, I869-1875. 

Lambeth, J. D., Xu, X. X., and Glover, M. (1987)..L Biol. Chem. 
262, 9181-9188. 

Lin. D., Sugawara. T.. Strauss Ill, .1. F., Clark, B. J., Stocco. D. M., 
Saenger, P., Rogol. A., and Miller. W. L. (1995). Science 267, 
1828-1831. 

McLean, M. P., Puryear, T. K., Khan, I., Azhar, S., Billheimer, J. T., 
and Gibori, G. (1989). Emtocrinologv 125, 1337--I 344. 

McLean, M. P., Billheimer, J. Y., Warden, K. J.. and lrby, R. B. 
(1995). Endocrinoloj~v 136, 3360 3368. 

Mendelson. C., Dufau, M., and Can, K. (1975). Biochmt. Biophvs. 
Acta 41 I, 222-230. 

Pon, k. A. and Orme-Johnson, N. R. (1986). ,1. Biol. Chem. 261, 
6594~5599. 

Pon, L. A. and Orme-Johnson, N. R. (1988). Endocrimdogv 123, 
1942 1948. 

Pon, L. A., Hartigan, J. A., and Orme-Johnson, N. R. (1986a). J. 
Biol. Chem. 261, 13,309-13,316. 

Pon, L. A., Epstein, L. F., and Orme-Johnson, N. R. (1986b). Emtocr. 
Res. 12, 429-446. 

Privalle, C. Y., Crivello, J. F., and Jefcoate, C. R. (1983a). Proc. 
Natl. Acad. Sci. USA 80, 702 706. 

Privalle, C. Y., McNamara, B. C., Dhariwal, M. S., and Jefcoate, (_'. 
R. (1983b). Mol. Cell. Endocrinol. 53, 87 101. 

Rigby, P. W., Dieckmann, M., Rhodes, C., and Berg, P. (1977). J. 
Mol. Biol. 113, 237-251. 

Sanger, F., Niklen, S., and Coulson, A. R. (1977). Proc. Natl. Acad. 
Sci. USA 74, 5463 5467. 

Sugawara, T., Holt, J. A., Driscoll, D., Strauss Ill, J. F., Lin, D., 
Miller, W. L.. Patterson, D., Clancy, K. P., Hart, I. M., Clark, 
B. J., and Stocco, D. M. (1995). Proc. Natl. Acad. Sci. USA 92, 
4778-4782. 

Stocco, D. M. (1992). J. Steroid Biochem. Molec. Biol. 43, 319 333. 
Stocco, D. M. and Ascoli, M. (1993). Endocrinology 132,959 967. 
Stocco, D. M. and Chen, W. (1991). Endocrinology 128, 1918 

1926. 
Stocco, D. M. and Clark, B. J. (1993). J. Steroid Biochem. Molec. 

Biol. 46, 337 347. 
Stocco, D. M. and Kilgore, M. W. (1988). Biochem. J. 249, 95 103. 
Stocco, D. M. and Sodeman, T. C. (1991). J. Biol. Chem. 266, 

19,731-19,738. 
Zar, J. H. (1974). In: Biostatistical Anah'sis. Prentice-Hall, Engle- 

wood Cliffs. NJ, pp. 101-127. 


