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Abstract

The expression of cytochrome P450scc, encoded by the CYP11A gene, was investigated in the rat kidney from birth to adulthood. In
the male and female rat kidneys, the corresponding mRNA was detected by semi-quantitative reverse transcriptase and polymerase chain
reaction (RT-PCR) analysis with specific primers, resulting in higher levels of expression during the first 15 days from birth.

RT-PCR and sequence analysis showed that the P450scc mRNA coding region was the same for both kidney and testis, whereas 5′-RACE
analysis (rapid amplification of cDNA ends) demonstrated that the renal transcription utilizes a distal transcription start site (TSS) located
76 b upstream of that used in ovarian and testicular P450scc mRNA expression, which is placed 43 b upstream of the first ATG. The 5′-UTR
sequence of renal P450scc cDNA exactly matched the contiguous upstream untranslated region of the gene, suggesting that alternative
splicing was not involved in the synthesis of this transcript.

Northern hybridization detected a specific transcript only in the newborn male, but not in adult rat kidney, confirming the higher levels
of expression in the first days of the rat’s life. Positive immunodetections of cytochrome P450scc were found in renal cortical distal tubules
and the results were confirmed by Western blotting analysis.

As demonstrated by semi-quantitative RT-PCR, the male kidney also expresses the messengers corresponding to the steroidogenic acute
regulatory (StAR) and steroidogenic factor 1 (SF-1) proteins, which are normally required for steroidogenesis in steroidogenic tissues, such
as gonads and adrenal cortex. These studies suggest that the rat kidney has the capability for local steroid hormone production, although
the physiological significance of the pregnenolone eventually produced remains to be established.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The biosynthesis of steroid hormones is catalyzed by at
least five different forms of cytochrome P450 and some hy-
droxysteroid dehydrogenases (HSD). The cleavage of the
cholesterol side-chain to form pregnenolone is the first and
rate-limiting step in the steroid hormone biosynthetic path-
way in all steroidogenic tissues. This reaction occurs in
the inner mitochondrial membrane and requires the mito-
chondrial cholesterol side-chain cleavage enzyme system
formed by ferrodoxin reductase, ferrodoxin and cytochrome
P450scc[1]. The first two enzymes act as intermediates in
the transfer of electrons from NADPH to P450scc and are
distributed in the mitochondria of both steroidogenic and
non-steroidogenic tissues, including kidney[2]. The latter
enzyme utilizes three pairs of electrons to catalyze three sep-
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arate mono-oxygenations at a single active site: the first at the
22R position of cholesterol, the second at the 20� position,
while the third causes the scission of the C20–C22 bond,
yielding pregnenolone and isocaproic acid[1]. Transfer of
cholesterol substrate into the inner mitochondrial membrane,
where the cytochrome P450scc resides, is facilitated by the
steroidogenic acute regulatory (StAR) protein[3], that is es-
sential for efficient adrenal and gonadal steroidogenesis.

Southern blotting analysis of rat genomic DNA suggests
the presence of a single P450scc gene (CYP11A)[4], as
in humans[1], where the gene spans at least 20 kb and is
divided into 9 exons.

The nuclear gene coding P450scc was regarded as be-
ing expressed specifically in steroidogenic endocrine cells
[4]. An extraglandular occurrence of this enzyme, however,
has been demonstrated, in the past, in rat submandibular
glands[5], that were shown to convert acetate into choles-
terol, which was further transformed into pregnenolone.
More recently, the expression of P450scc has been detected
in rat brain oligodendrocytes: pregnenolone formed from
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cholesterol is converted into 5�-pregnane neurosteroids act-
ing on GABAergic neurons[6]. Similarly, Iwahashi et al.
[7] demonstrated P450scc activity selectively localized in
the myelinated region of the rat cortical white matter. In ad-
dition, P450scc expression has been detected in the human
and mouse skins[8–10], in the mouse hindgut[10], in the
human heart[11] and in the human pancreas[12].

The mammalian kidney shares the same embryonic origin
from intermediate mesoderm with the steroidogenic cells
of the gonads and mammalian cortex. Available informa-
tion, however, attributes only complementary steroidogenic
capabilities to this organ, including: terminal activation of
25-hydroxycholecalciferol by 1�-hydroxylation; low lev-
els of 21-hydroxylase activity[13], probably involved in
11-deoxycorticosterone formation from circulating preg-
nenes; activities of the enzymes 3�-hydroxysteroid de-
hydrogenase (HSD)/�5–�4 isomerase (3�-HSD) [14,15],
steroid 17�-hydroxylase/C-17,20 lyase and 20�-HSD in
the kidney of aged rats[15] and in the human kidney[16].

Although the kidney is not considered a steroidogenic tis-
sue, small amounts of P450scc mRNA were detected in the
rat kidney[2] and P450scc immunoreactivity was found in
the kidney of 15.5- and 19.5-day-old embryos[17]. There-
fore, we have investigated whether this organ could be the
site of autonomous steroidogenesis at some stages of the rat
life cycle.

2. Materials and methods

2.1. Tissue preparation and RNA extraction

Samples of kidney were collected from 0-, 7-, 15-, 30-
and 60-day-old Wistar strain male and female rats. Ovary,
adrenal, testis and spleen were taken from adult rats. The an-
imals were killed by cervical dislocation after CO2-induced
asphyxia. Tissues were immediately dissected out, frozen in

Table 1
Primers used in RT-PCR and 5′- and 3′-RACE analyses

Primer Sequences Positiona GenBank no.

SCC1 Sense 5′-GGGGACATCAGCGATGACCTATT-3′ 600 → 622 J05156
SCC2 Antisense 5′-GGGGTGGAGTCTCAGTGTCTCCTT-3′ 1178→ 1155 J05156
SCC3 Sense 5′-GTGGCAGTCGTGGGGACAGTATG-3′ 1 → 23 J05156
SCC4 Antisense 5′-GAGCATGGGAACACTGGTGTGGA–3′ 757 → 736 J05156
SCC5 Sense 5′-CACGACCTCCATGACTCTGCAAT-3′ 998 → 1020 J05156
SCC6 Antisense 5′-CTTGGTCCCCACATCACGGATAC-3′ 1499→ 1477 J05156
SCC7 Sense 5′-AATCCAGCTTCTTTCCCA-3′ 1285→ 1302 J05156
SCC8 Sense 5′-CCGTGATGTGGGGACCAAG-3′ 1477→ 1499 J05156
SCC9 Antisense 5′-TAATGGATTCTGTGTGTG-3′ 241 → 224 J05156
SCC10 Antisense 5′-GTTTATCCAACCATTGTCACCA-3′ 197 → 176 J05156
StAR1 Sense 5′-CCAGGAGCTGTCCTACATCCAG-3′ 266 → 287 NM 031558
StAR2 Antisense 5′-TACTACCCCTCTCGTTGTCCT-3′ 1011→ 991 NM 031558
SF-1-1 Sense 5′-GGTGTCGGGCTACCACTACGGG-3′ 755 → 777 D42152
SF-1-2 Antisense 5′-TGAAGCCATTGGCCCGAATCTG-3′ 127 → 106 D42153
18S-1 Sense 5′-TCGAACGTCTGCCCTATCAACT-3′ 347 → 368 V01270
18S-2 Antisense 5′-AGACTTGCCCTCCAATGGATC-3′ 611 → 591 V01270

a Nucleotide position in the reported sequence.

liquid nitrogen and stored at−80◦C until analyzed. Total
RNA was extracted using the commercial product RNAzolB
(Celbio, Italy) according to the manufacturer’s instructions.
The RNA samples were kept at−80◦C until use.

2.2. Primers

Specific oligonucleotide primers (Table 1) were selected
from the published coding sequences of rat ovary P450scc,
StAR, steroidogenic factor 1 (SF-1) and 18S rRNA. All
primers utilized, except 18S rRNA, were designed to span
known introns, revealing any contaminating genomic DNA
as larger sized PCR fragments.

2.3. Reverse transcriptase and polymerase chain reaction
(RT-PCR)

To analyze the possibility of renal P450scc mRNA ex-
pression, total RNA (2�g) extracted from the kidney of
adult male rats was reverse-transcribed into single-stranded
cDNA by incubation with 25 U of MMLV reverse transcrip-
tase and 10 U of RNase inhibitor (Applied Biosystems, Italy)
in a 20�l reaction volume containing 10 mM Tris–HCl (pH
8.3), 50 mM KCl, 5 mM MgCl2, 1 mM of each dNTP and
1.25�M SCC2 primer for 60 min at 42◦C.

Total single-stranded cDNA obtained by RT was ampli-
fied by PCR in a 100�l reaction volume containing 10 mM
Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM of
each dNTP, 0.25�M of SCC2 and SCC1 primers and 1.25 U
of Taq DNA polymerase (Applied Biosystems). Amplifica-
tion conditions were: 95◦C for 45 s (DNA denaturation),
60◦C for 30 s (annealing), and 72◦C for 40 s (extension)
for 40 cycles. The extension phase of the last cycle was pro-
longed by 10 min.

Moreover, after the first positive result, total RNA from
the kidney of male adult rats was reverse-transcribed and am-
plified by PCR with two more sets of primers encompassing



L. Dalla Valle et al. / Journal of Steroid Biochemistry & Molecular Biology 88 (2004) 79–89 81

Table 2
Target gene, PCR primers and conditions used in the semi-quantitative
RT-PCR analyses

Target
gene

Primers Annealing
(◦C)

Extension
time (s)

PCR
cycle (n)

P450scc SCC1–SCC2 60 30 38
StAR StAR1–StAR2 60 30 38
SF-1 SF-1-1–SF-1-2 60 20 38
18S RNA 18S-1–18S-2 60 20 14

at the end the region−20/+1479 nt of P450scc cDNA
(SCC3 and SCC4; SCC5 and SCC6).

To perform a semi-quantitative evaluation of RT-PCR
products, we used total RNA from kidney tissues of new-
born and 7-, 15-, 30- and 60-day-old rats of both sexes and
from ovary of adult rats as a positive control. Decreasing
amounts (1�g, 100 and 10 ng) of RNA from all tissues were
simultaneously subjected to RT-PCR with the SCC1 and
SCC2 pair of primers, as described above. The analysis was
performed twice. An aliquot (1/10) of the products was run
in 1% agarose gel and stained with ethidium bromide; the
fluorescence was then compared under UV light.

In the following experiments, another approach to a
semi-quantitative evaluation of RT-PCR products was
adopted and used to analyze the P450scc, StAR, SF-1 and
18SrRNA expression in total RNA extracted from male kid-
ney tissues of newborn and 7-, 15-, 30- and 60-day-old rats.
Ovary and testis were used as positive controls and spleen
as a negative control. In this case, in preliminary experi-
ments, each primer set was used to amplify equal amounts
of cDNA derived from the testis, a tissue with high levels
of specific messenger, for 10–40 cycles, and, based on these
analyses, a predetermined number of cycles was chosen for
each primer set to maintain product accumulation in the
linear range. Primer sets and parameters of the reactions
are listed inTable 2. The subsequent analyses were per-
formed with different quantities (ranging from 200 ng for
steroidogenic tissues to 1�g for renal and splenic tissues)
of total RNA. For these analyses, we used the SuperScript
One-Step RT-PCR System (Invitrogen, Italy), in which all
components for RT-PCR are mixed in one tube and reverse
transcription is automatically followed by PCR cycling
without any additional steps. Quantification was performed
by measuring the relative intensity of the band stained by
ethidium bromide, after agarose gel electrophoresis, using
the Quantity One Quantitation software (Bio-Rad, Italy).
The analyses were performed twice. For each RT-PCR, a
negative control was prepared by using all reagents ex-
cept RNA solution, that was substituted with an equivalent
volume of sterile water to check for cross-contamination.

2.4. 3′- and 5′-RACE analyses of cytochrome
P450scc mRNA

Determination of the 5′- and 3′-ends was performed by
the so-called cap-finder (CF) cDNA approach introduced

by Clontech[18] and following the indications of Franz
et al. [19]. First-strand cDNA was synthesized by incubat-
ing 2�g of total RNA extracted from 7- and 60-day-old
male rat kidneys and adult rat testis in a 25�l reaction vol-
ume containing 200 U of Superscript II reverse transcrip-
tase (Invitrogen), 50 mM Tris–HCl (pH 8.3), 8 mM MgCl2,
1 mM of dNTPs, 10�M DTT and 1�M oligodT primer
(oligodTSalIA: 5′-CTG CGC CAG AAT TGG CAG GTC
CAG (T)25G/A/C-3′) at 48◦C for 1 h. The tagging of the
3′-end of the first-strand cDNA is achieved by addition of
the CF primer (CFB1: 5′-GAG AGA ACG CGT GAC GAG
AGA CTG ACA GGG GGG GGA/T/C-3′) to the reaction
mixture[19]. Following reverse transcription, the first-strand
cDNA has known sequences at both the 5′- and 3′-terminal
ends and could be used directly in 5′- and 3′-RACE (rapid
amplification of cDNA ends) PCR reactions.

For 3′-RACE reaction, 2�l of the first-strand mixture
were added to 50�l of the PCR buffer containing 200�M
of dNTPs, 2 mM MgCl2, 0.2�M of the anchor primer
(oligodTSalIB: 5′-CTG CGC CAG AAT TGG CAG GTC
GAC-3′), 2.5 U of Biotherm Taq polymerase (Società
Chimici Italiani, Italy), and the gene-specific SCC7 primer.
The first-round PCR product was diluted 1:100 and used
as a template for the second round of PCR amplifications
using the SCC8 primer and the PCR anchor primer. The am-
plification procedure consisted of 2 min at 95◦C followed
by a touch-down PCR reaction with annealing temperatures
decreasing from 66◦C to 58◦C over 16 cycles and the fi-
nal 24 cycles maintained at 58◦C. The extension phase of
the last cycle was prolonged by 10 min. The resultant am-
plicon was purified from the sliced gel band and directly
sequenced. All gene-specific oligonucleotide primers used
for the 3′-RACE analysis are listed inTable 1.

The site of transcription initiation was determined by
5′-RACE analysis. This was carried out as described for the
3′-RACE using the gene-specific primer SCC9 and the an-
chor primer CFB2 (5′-GAG AGA ACG CGT GAC GAG
AGA CTG ACA G-3′) in the first PCR reaction. The cDNA
obtained was further amplified by a second PCR using the
gene-specific SCC10 primer and the anchor primer. The ex-
tension phase of the last cycle was prolonged by 10 min. The
touch-down PCR conditions and the following steps were
the same as for 3′-RACE. All gene-specific oligonucleotide
primers used for the 5′-RACE analysis are listed inTable 1.

2.5. Nucleotide sequencing

Sequencing was performed on double-stranded DNA us-
ing the ABI PRISM Dye Terminator Cycle Sequencing Core
Kit (Applied Biosystems). Electrophoresis of sequencing
reactions was completed on the ABI PRISM model 377,
version 2.1.1 automated sequencer. The homology searches
were carried out using the Basic Blast program version
2.0 at http://www.ncbi.nlm.nih.gov/BLAST/, whereas the
alignment was performed using the ClustalW program at
http://www2.ebi.ac.uk/clustalw/.

http://www.ncbi.nlm.nih.gov/BLAST/
http://www2.ebi.ac.uk/clustalw/
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2.6. Northern blotting analysis of cytochrome P450scc

Poly(A)+-enriched RNAs (1�g) were obtained, using
the NucleoTrap mRNA Kit (M-Medical, Italy), from testis,
ovary and adrenal of adult rats and from kidneys of newborn
and 2-month-old male rats, according to the manufacturer’s
instructions. The RNAs were electrophoresed through 1.1%
formaldehyde-denaturing gel, blotted onto a nylon mem-
brane (Hybond-N+, Amersham Pharmacia, Italy) and baked
at 80◦C for 2 h. The DIG-labeled RNA Molecular Weight
Marker II (Roche Applied Science, Italy) was used as a
size standard. The membranes were hybridized overnight
at 68◦C with a 502 nt, single-stranded DIG-labeled cDNA
probe encompassing the+978/+1479 coding region of rat
ovarian P450scc mRNA in 5× SSC containing 50% for-
mamide, 0.02% SDS, 0.1% lauroylsarcosine, 1% blocking
reagent and 100�g/ml of transfer RNA. After incubation
with an anti-DIG antibody, signals were detected using a
DIG-nucleotide detection kit (Roche Applied Science) ac-
cording to the manufacturer’s instructions. The signals were
revealed by exposing the membranes to an X-ray film for
1 h. After stripping, the nylon membrane was rehybridized
with a 207 bp, double-stranded DIG-labeled cDNA probe
spanning the+831/+1037 coding region of rat�-actin
mRNA, as a control for mRNA integrity. The analysis was
performed three times.

2.7. Western immunoblot analysis with an anti-P450scc
antibody

The kidney, testis and spleen from male rats were minced
and homogenized in a Ultra–turrax homogenizer at 4◦C in
the homogenization buffer (100 mM potassium phosphate
buffer, pH 7.4), 250 mM sucrose, 1 mM EDTA, 0.5 mM
phenylmethylsulfonylfluoride, 4 mM MgCl2, and 2�g/ml
each of leupeptin, pepstatin A and aprotin. After the removal
of nuclei and debris by three centrifugations at 1000×g for
15 min at 4◦C, the mitochondrial fractions were pelted by
centrifugation at 10,000× g for 45 min at 4◦C. The mito-
chondrial fractions were suspended in the same buffer and
the centrifugation was repeated. Finally, the mitochondrial
pellets were suspended in a 100 mM potassium phosphate
buffer (pH 7.4) containing 0.1 mM EDTA, 20% glycerol,
0.5 mM phenylmethylsulfonylfluoride, and 2�g/ml each of
leupeptin, pepstatin A and aprotin.

The presence of cytochrome P450scc in the rat kid-
ney was examined by Western immunoblot analysis with
an antibody against amino acids 421–441 of rat P450scc
(Chemicon, Italy). The testis and the spleen were used as a
positive and a negative control tissue, respectively. Proteins
were measured by the BCA protein assay kit (Pierce, Cel-
bio, Italy) with BSA as a standard. Forty�g of renal and
splenic mitochondrial proteins and 2–4�g of correspond-
ing testicular proteins were loaded onto 10% SDS-PAGE
(Nupage, Invitrogen, Italy) and transferred onto a nitro-
cellulose membranes (Roche Applied Science). After an

overnight blocking step at 4◦C with 5% BSA in TBS-T
buffer (20 mM Tris–HCl, pH 7.6, 137 mM NaCl and 0.1%
Tween-20), the filter was hybridized with 1/3,000 dilu-
tion of the antibody against rat P450scc in TBS-T buffer
for 2 h at room temperature. The filter was then washed
(3 × 5 min; 1× 15 min) with TBS-T and further incubated
for 1 h at room temperature with 1/35,000 dilution of goat
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
antibody (Pierce) in TBS-T. The membrane was washed
as described above and HRP activity was detected using
the SuperSignal West-Dura Chemiluminescent kit (Pierce)
according to the manufacturer’s protocol.

2.8. Immunohistochemical analysis with an anti-P450scc
antibody

Rat kidneys of newborn and 7- and 60-day-old rats were
removed and fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4, for 3–5 h. Paraplast embedding and
sectioning at 4�m were performed according to standard
procedures. Sections were deparaffinized and then endoge-
nous peroxidase activity was eliminated from the sections
by incubation with 3% H2O2 in absolute methanol for
30 min at room temperature. After blocking of non-specific
binding components with 5% normal goat serum and 1%
BSA in PBS containing 0.3% Triton X-100 for 1 h at room
temperature, the primary antibody (anti-P450scc, 1/800)
was overlaid upon each section for 16 h at 4◦C. Sec-
tions were subsequently incubated with biotinylated goat
anti-rabbit IgG antibody for 30 min, followed by exposure
to ExtrAvidin-Peroxidase (Sigma, Italy) for 30 min at room
temperature. Immunoreactivity was detected by immersing
the tissue sections in AEC solution (Sigma). Haematoxylin
was used as a nuclear counterstain. The specificity of im-
munolabeling was tested by omitting the primary antibody.
Sections of ovary, adrenal and testis were used as positive
controls.

3. Results

3.1. RT-PCR of cytochrome P450scc

Three fragments of the expected size were consistently de-
tected on agarose gel after RT-PCR with total RNA extracted
from male adult kidney and performed with 3 sets of primers
encompassing the region−20/+1479 nt of P450scc cDNA
(SCC1–SCC2; SCC3–SCC4; SCC5–SCC6). Sequencing in
both directions showed complete identity between renal and
ovarian amplificates, confirming the existence of a single
gene encoding P450scc mRNA in the rat and the possible
expression of this cytochrome in the rat kidney.

To characterize the expression profile of this gene in
the kidney throughout the rat lifespan, we analyzed the
levels of P450scc mRNA by a semi-quantitative RT-PCR
approach based on the use of different quantities of total
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Fig. 1. Representative expression analysis of P450scc mRNA in kidney tissues of newborn and 7-, 15-, 30- and 60-day-old male (M) and female (F)
rats and in ovary (Ov) of adult rats, as determined by semi-quantitative RT-PCR performed with different quantities of total RNA: 1�g, 100 and 10 ng.
Amplifications were repeated twice using independently extracted RNA samples from different animals, and indicated the same results. MW: molecular
weight; C−: negative control (water).

RNA and the SCC1 and SCC2 pair of primers. Starting
with 1�g of total RNA, both male and female renal tissues
at all ages gave a positive signal for P450scc mRNA in the
RT-PCR analysis, as evidenced by an amplified fragment of
the expected size (579 nt) on agarose gel (Fig. 1). P450scc
expression was clearly higher in the ovary, used as a posi-
tive control, compared to the renal samples and, among the
latter, the highest amplifications were obtained with both
male and female samples up to 15 days from birth. This re-
sult was confirmed with the amplifications performed with
100 ng of total RNA, as a clear but weak signal is evident
in the samples corresponding to the first 15 days, whereas
a very faint signal was obtained with RNA from 30- and
75-day-old female rats. Moreover, with 10 ng of total RNA,
a very faint signal was obtained only with male and female
newborns and with 7-day-old female rats.

These results were further substantiated by the use of
another semi-quantitative RT-PCR protocol, in which we
analyzed the expression profiles not only of cytochrome
P450scc, but also of the StAR and SF-1 proteins that are
necessary for pregnenolone production in the gonads and
cortical cells of the adrenal. In this case, a predetermined
number of cycles was chosen for each primer set to main-
tain product accumulation in the linear range of PCR ampli-
fication. The amplifications of 18S rRNA indicated that the
quality and quantity of the RNA preparations was similar
for all tissues.

With this approach too, the highest signals for renal
P450scc mRNA transcription were obtained with RNA sam-
ples extracted from animals up to 15 days from birth. The
transcript concentration was approximately 200-fold lower
then that measured with ovary from adult rats (random days
of the cycle) and approximately 100-fold lower than in the
testis (Fig. 2, Panel A). The higher expression of P450scc
in the ovary than in the testis was also confirmed by the
Northern blotting analysis. No amplification was obtained
with RNA extracted from male spleen that was used as a
negative control.

As regards the rat kidney StAR expression, we initially
performed an RT-PCR analysis with total RNA extracted
from male adult rats. This sample gave a positive signal, as
evidenced by an amplified fragment of the expected size on
agarose gel. Fragment identity was confirmed by sequenc-
ing. The relative abundance of this transcript in kidney was
then examined at different ages. The renal transcripts con-
centration was approximately 100-fold lower than that in
the ovary and approximately 50-fold lower than in the testis
(Fig. 2, Panel B). Differently from the P450scc, the StAR
analysis gave a positive result with the spleen, although the
level of expression was lower than that measured with renal
samples.

Finally, we analyzed the expression of SF-1, previously
demonstrated in our laboratory at the messenger level in the
rat kidney[20]. The analysis shows that all renal samples
were positive without any difference between age in terms of
transcript abundance. Moreover, a transcript of the expected
size was detected also in the spleen (Fig. 2, Panel C).

3.2. 3′- and 5′-RACE analyses

In order to verify if the renal P450scc mRNA corresponds
to the messenger transcribed in steroidogenic tissues not only
inside the coding region but also in the 3′- and 5′-UTRs,
we performed both 3′ and 5′-RACE analyses with RNA ex-
tracted from 7- and 60-day-old male rats. The analyses were
also carried out using RNA extracted from adult testis as
a positive control. In the 3′-RACE analysis, both the renal
samples gave an amplified fragment of the same length as
did the testis (Fig. 3, Panel A). These fragments were se-
quenced and found to be identical to that obtained with testis
3′-RACE analysis and those reported in GenBank for rat
P450scc cDNA. This result demonstrates the use, in both
the testis and the kidney, of the same polyadenylation signal
located 155 b after the stop codon.

The 5′-RACE analysis was performed with two different
gene-specific 3′-primers to clearly identify the transcription
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Fig. 2. Representative expression analysis of P450scc (Panel A), StAR (Panel B) and SF-1 (Panel C) mRNAs in kidney tissues of newborn and 7-, 15-,
30- and 60-day-old male rats and in testis (Te), ovary (Ov) and spleen (Sp) of adult rats, as determined by semi-quantitative RT-PCR in duplicate, using
independently extracted RNA samples from different animals with the same results. MW: molecular weight; C−: negative control (water).

start site (TSS) used in kidney. We obtained two different
amplification fragments with the longer one expressed in
both kidney samples (Fig. 3, Panel B). The fragments were
sequenced and aligned with the corresponding promoter re-

Fig. 3. (Panel A) Agarose gel showing products from 3′-RACE analysis
of P450scc mRNA from 7- and 60-day-old rat kidneys (Ki) and from
adult rat testis (Te). A single amplified fragment was obtained with all
the samples analyzed and subsequently sequenced. (Panel B) Agarose gel
showing products from 5′-RACE analysis of P450scc mRNA from 7- and
60-day-old rat kidneys (Ki) and from adult rat testis (Te). Fragments of
different sizes were obtained with kidney and testis RNAs. All fragments
were directly sequenced. MW: molecular weight.

gion of the CYP11A gene (GenBank accession no. M63125).
In the 5′-UTR of kidney P450scc mRNA, we found a dis-
tal TSS located 76 b upstream of that used in the testicular
mRNA, which is placed 43 b upstream from the transla-
tion initiator ATG [21,22]. The 5′-UTR sequence of kidney
P450scc cDNA exactly matched the contiguous upstream
untranslated region of the gene, suggesting that alternative
splicing was not involved in the synthesis of this transcript.

3.3. Northern blotting

P450scc mRNA expression in kidney and steroido-
genic tissues was examined by Northern blotting with
poly(A)+ enriched RNA using a single-stranded P450scc
cDNA probe. Northern blot analysis revealed a single mes-
sage size of approximately 2 kb in all steroidogenic tissues,
such as adrenal, ovary, and testis, whereas a positive signal
for P450scc mRNA was obtained with kidney tissue from
newborn but not adult rats (Fig. 4). All samples were posi-
tive for �-actin mRNA. The analysis was performed thrice,
changing the position of the kidney sample loading to avoid
possible contamination with highly positive samples as
adrenal.

3.4. Western blotting

The presence of the P450scc enzyme was assessed in the
mitochondrial extract from kidney samples by immunoblot
analysis using a commercial antibody. As illustrated in
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Fig. 4. Upper panel: A representative Northern blot analysis of
poly(A)+-enriched RNAs extracted from adult rat testis (Te), ovary (Ov),
adult female adrenal (Ad), male newborn (Ki 0 d) and adult male rat
kidneys (Ki 60 d) with a rat DIG-labeled cDNA P450scc probe.Lower
panel: Northern blot analysis of the same samples performed with a rat
DIG-labeled cDNA�-actin probe.

Fig. 5, a protein band derived from testis as well as kidney
samples from all ages, except 60-day-old rats, was recog-
nized by the antibody. The intensity of the immunoreaction
in all positive kidney samples was markedly lower than
in the testis, also considering that for testis samples only
2�g (TeA) or 4�g (TeB) of mitochondrial protein were
loaded instead of 40�g. A higher expression of cytochrome
P450scc was found in samples from newborn and 7-day-old
animals. Moreover, the protein could not be detected in
spleen samples, confirming the negative result obtained
with RT-PCR analysis. The inferred molecular weight of
the P450scc band was approximately 54 kDa, judging from
its electrophoretic mobility.

3.5. Immunohistochemistry

Immunohistochemistry was used to investigate the ex-
pression of P450scc enzyme in different regions of the rat
kidney. The analysis was performed with sections of kidney
together with sections of adrenal, testis and ovary as positive
controls. Positive staining for P450scc was obtained mainly
in the renal cortex where, on the basis of cell morphology,
immunoreactive segments were identified as the distal con-
voluted tubules. The study was performed with sections ob-

Fig. 5. Western immunoblot analysis of P450scc-like protein in the kidneys of newborn and 7-, 15-, 30- and 60-day-old rats. Each lane contained 40�g
of mitochondrial proteins of the respective tissues, except testis for which 2�g (TeA) and 4�g (TeB) of proteins were loaded. Electrophoresis was
performed on 10% polyacrylamide gels. Testis and spleen (Sp) of adult rats were used as positive and negative controls, respectively.

tained from newborn, 7- and 60-day-old male rats, but a clear
signal was obtained only with the first two ages (Fig. 6).
The immunoreactivity was localized on Leydig cells in the
testis, corpus luteum and theca cells in the ovary and cor-
tical adrenal as expected, confirming the specificity of the
antibody used.

4. Discussion

The present data shows that the CYP11A gene is ex-
pressed both at the messenger and protein levels in the rat
kidney, thus confirming the preliminary reports concerning
the expression of small amounts of P450scc mRNA in the
rat kidney[2] and P450scc immunoreactivity in the kidney
of 15.5- and 19.5-day-old embryos[17].

The finding that renal P450scc cDNA, inside the coding
region, is identical to the testicular one supports the assump-
tion of a single CYP11A gene in the rat genome, as pre-
viously demonstrated by McMasters et al.[4] by Southern
blotting analysis.

The levels of P450scc mRNA expression in renal tissues
are considerable lower than those in the classical steroido-
genic tissues, suggesting a local, paracrine function rather
than an endocrine one. Although the physiological signifi-
cance of steroid production in this organ remains unknown,
both semi-quantitative approaches, together with the results
obtained by Northern hybridization and Western blotting,
suggest a regulated timing of P450scc expression, as the
highest levels where found up to 15 days from birth. Differ-
ences between sexes were negligible.

By means of 3′- and 5′-RACE analyses, we found that
P450scc expression in the rat kidney utilizes the same
polyadenylation site as the testis, whereas a different TSS
located 76 b upstream of that used in testicular P450scc
mRNA, which is placed 43 b upstream of the first ATG, is
used in the renal P450scc transcription. No indication for
the use of this alternative TSS was obtained with Northern
analysis, but this negative result could be explained by the
insufficient size difference between the testicular and renal
transcripts (only 76 b). This result is very similar to that
previously reported for the P450c17 expression in rat ex-
traglandular tissues, where we demonstrated the use of three
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Fig. 6. Immunohistochemical staining for cytochrome P450scc in kidney tissues of newborn (C and D) and 7-day-old rats (A and B). Sections were
exposed to an antiserum against rat P450scc. A positive immunoresponse was localized in the cytoplasm of distal tubule cells (orange precipitate). (E)
Nonimmune control section; (F) testicular positive control section.Magnification: (A, B and E) 70×; (C, D and F) 280×.
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different TSS, two of which expressed only in the liver and
gastrointestinal tract, suggestive of a tissue-specific regula-
tion of steroidogenic enzyme expression in non-endocrine
tissues[20].

We also analyzed the expression of SF-1 by semi-quanti-
tative RT-PCR. This tissue-specific transcription factor,
implicated as a key regulator of steroid hydroxylase gene
expression in adrenal and gonadal tissues, has been demon-
strated also in the rat and mouse pituitaries, hypothalamus
[23] and human spleen[24]. It is assumed to play im-
portant roles in the process of steroidogenic as well as
non-steroidogenic tissue differentiation, as the tissues ex-
pressing this factor showed severe developmental defects
after the SF-1 gene disruption[24]. In the human spleen, the
SF-1 is expressed in the endothelial cells of the splenic sinus
and pulp vein, where its expression is lower than that of the
adrenal, but greater than or equal to that of the gonads[25].
The transcription of SF-1 in the spleen has been demon-
strated also in the frog,Rana rugosa[26]. In the present
paper, SF-1 was transcribed in the spleen of adult rats less
intensely than in the gonads, but comparably to the kidney.
Because, the rat spleen does not express P450scc, as well
as P450c17[27,28] and P450arom (Dalla Valle et al., in
preparation), it is evident that, in this case, it cannot be cor-
related with steroid hydroxylase gene expression, but prob-
ably with hematopoietic/immune cell proliferation and/or
differentiation as proposed by Ramayya et al.[25] and
Morohashi[24].

In the kidney, SF-1 appears to be transcribed throughout
the animal’s life. The fact that Yamamoto et al.[29] were
unable to detect SF-1 mRNA in the rat kidney by RT-PCR
could be explained by differences in protocols (35 cycles
instead of the 38 used in this work, for example). The
co-expression of cytochrome P450scc and SF-1 in rat renal
tissue suggests a possible role of this transcription factor in
the regulation of CYP11A gene expression. A similar func-
tion has been suggested by Patel et al.[30] in the human
skin, where the activity of cytochrome P450scc has recently
been demonstrated[9]. On the other hand, the expression of
cytochrome P450scc does not require SF-1 in the primitive
gut of the mouse embryo[10] and in the human placenta
[31], indicating that this transcription factor is not obligatory
for the expression of cytochrome P450 steroid hydroxylases
in extraglandular and trophoblastic tissues.

Our data show that the rat kidney expresses also the
messenger of StAR, the protein delivering cholesterol to
P450scc within the mitochondria. This protein has been pre-
viously demonstrated in human renal distal tubules[32,33],
where its expression has been correlated with the mitochon-
drial 1�-hydroxylation of vitamin D, a terminal biosynthetic
step. However, the co-expression of SF-1, P450scc and StAR
in the rat kidney suggests instead a possible classical impli-
cation of these proteins in the regulation of overall hormonal
steroidogenesis. Interestingly, cytochrome P450scc appears
to be expressed in the distal tubules of the rat kidney, as
does StAR in the human kidney.

At the protein level, the presence of cytochrome P450scc
in the rat kidney was revealed by Western blotting analy-
sis and immunohistochemistry. Conclusive evidence of the
corresponding enzymatic activity, however, is still lack-
ing because incubations of rat kidney mitochondria with
[H3]cholesterol or with 22R- and 25-hydroxycholesterol
followed by pregnenolone radioimmunoassay resulted in
activity only two-three times higher than that of the boiled
tissue. Nevertheless, this weak activity declined after incu-
bation with aminoglutethimide, an inhibitor of cytochrome
P450scc (data not shown). Probably, this low level of ac-
tivity is due to the fact that P450scc is restricted to the
renal distal tubules, that represent only a fraction of the
whole kidney, from which incubated mitochondria were
extracted. A possible dilution effect was also invoked to
explain the failure to observe the conversion of cholesterol
to pregnenolone in the rat brain, while positive results were
obtained with cell cultures of oligodendrocytes, the cells in
which the expression of P450scc was detected by immuno-
histochemistry[34]. Analogously, a definite demonstration
of P450scc activity in the rat kidney might be achieved
using a cell line of distal tubular cells.

The capability of the rat kidney to convert pregnenolone
to progesterone, a reaction catalyzed by the enzyme com-
plex 3�-HSD/�5–�4 isomerase has been previously demon-
strated[14,15]. In this regard, it is of interest the recent
demonstration of the expression of the progesterone receptor
in epithelial cells of the distal tubules of the human kidney
[35]. Thus, it may be speculated that epithelial cells of the
distal tubules of the rat kidney might be able to respond in
a paracrine and/or autocrine way to progesterone produced
in situ.

The fact that P450scc is more expressed during the first
2 weeks of postnatal life correlates well with the pattern of
rat kidney development which continues up to 20 days af-
ter birth[36]. Among the regulatory factors involved in this
process, vascular endothelial growth factor (VEGF) appears
to be essential for glomerulogenesis in the mouse[37]. Sig-
nificantly, VEGF mRNA was reported to be specifically in-
duced by progesterone in human breast cancer cells[38].
Thus, a similar role of renal progesterone might be specu-
lated in young rats.

Renal progesterone may exert other functions in adult rats
as well. In the rabbit, progesterone significantly increased
Ca2+ and decreased Na+ uptakes by the luminal membranes
of distal tubule cells and seemed to influence electrolyte
transport through a nongenomic mechanism[39]. Notably, a
putative membrane progesterone receptor has been identified
in the rat and found to be expressed in the distal convoluted
tubules[40].

On the other hand, it is possible that progesterone is not
the only or main active steroid produced by the rat kidney, as
its conversion to androgens has been previously established
[15].

In conclusion, in the rat, the CYP11A gene is ex-
pressed, at the messenger and protein levels, not only in
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the steroidogenic endocrines and the brain, but also in the
kidney, where the CYP17 gene and other steroidogenic en-
zymes are also co-expressed (Dalla Valle et al., in prepara-
tion). It is suggested that the rat kidney might be capable of
postnatal autonomous steroidogenesis which could actually
be a continuation of that occurring during the fetal phase, as
indicated by P450scc immunoreactivity in rat fetuses[17].
Although its functional significance remains unknown, an
involvement of nephrosteroids in the regulation of kidney
development and differentiation seems likely.
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