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Abstract

We have recently developed an improved method for the RealTime PCR quantification of reversed transcribed nHRIRLR) that
allows to obtain absolute mRNA expression levels with high sensitivity and accuracy. Using RIi$¥ QR method to assess the mRNA
expression levels of genes encoding steroidogenic enzymes in male and female mouse tissues allows us to gain quantitative appreciation of
the function of these genes. We could thus identify the existence of two types of steroidogenic tissues: those of classical endocrine glands
such as the testis, ovary and adrenals which deliver steroids into the circulation, and in which millions ofugapied/RNA are detected,
and those of peripheral intracrine tissues where steroids are synthesized locally and exert their action at the site where they are produced
(prostate, uterus, etc.), and in which the expression level of steroidogenic enzymes is much lower. We also observed an abnormally high
expression levels of type Z5reductase and 20HSD in the male and female adrenals, respectively, thus indirectly suggesting new roles
for these sex-specific enzymes. On the other hand estrogen sulfotransferase, the enzyme that inactivates estrogen, has been found selective
expressed in male tissues, thus suggesting a role for this enzyme to protect male-specific tissues against estrogenic activity.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction steroid production and the widespread belief that steroids are
freely distributed through blood circulation, it was generally
The steroidogenic pathwayFig. 1) contains 18 main  thought that sex steroids are produced exclusively by the go-
steps catalyzing the transformation of cholesterol into active nads. Although this belief is true for laboratory animals, it
steroids[1], namely, aldosterone (mineralocorticoid), cor- was proven incomplete in the human, based on studies per-
ticosterone (rodent glucocorticoid), cortisol (human gluco- formed in men who had their testicles removed or their tes-
corticoid), progesterone, testosterone (T) and dihydrotestos-ticular androgen secretion totally blocked by treatment with
terone (DHT) (androgens), estradiol (E2) (estrogen), as well a luteinizing hormone-releasing hormone (LHRH) agonist
as their sulfated- and glucuronosylated-conjugates. Although([6] for reviews). It was then found that, while their blood
many of the genes responsible for known human diseasesT level was reduced by 90-95% following castration, their
were identified such as pseudohermaphroditism (type 3intraprostatic concentration of DHT was decreased by only
173-HSD [2] and type 2 &-reductasd3]) and congenital  50%, thus suggesting an intraprostatic biosynthesis of andro-
adrenal hyperplasia 8hydroxysteroid dehydrogenagé, gens. The development of secondary sexual characteristics
and P450c215]), the role and function of many of their in boys deficient in type 2@-HSD [4] and a virilization at
isoforms are not well understood. Indeed, because of the ex-adulthood of young men deficient in type 3EHSD [7]
istence of clinical syndromes of deficiency in gonadal sex are natural proofs of the conversion of adrenal DHEA (dehy-
droepiandrosterone) into active sex steroids in target tissues.

* Corresponding author. Tel.: +1 418 654 2296; fax: +1 418 654 2741. The local biosynthesis of sex steroids in peripheral tis-
E-mail addressvan.luu-the@crchul.ulaval.ca (V. Luu-The). sues[8] was further confirmed by the cloning of multiple
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Fig. 1. Schematic representation of the main steroidogenic pathways, active steroids, namely glucocorticoids, mineralocorticoids, pregestgens and
estrogens are boxed.

types of steroidogenic enzymes, namely type 1 an@82 3 minimizing errors due to the PCR process. The efficiency
HSD[9-12], types 1 to 12 13-HSD [2,13-26] types 1 and coefficient is closed to the theoretical value of 2, thus indi-
2 ba-reductase$3,27-29] as well as types 1 and 2 g4 cating that errors dues to the PCR amplification process is
hydroxysteroid dehydrogenase. The expression of these ennegligible. The most important cause of errors is the RNA
zymes is tissue-specific, many of them being expressed onlypreparation and handlirf§6] because they will be amplified
in peripheral tissues. exponentially in the amplification process. The importantim-
In the study reported here, we used double-correction Re-provement of QRTPCR compared to classical PCR is that
alTime PCR measuremeni30] to quantify, by estimating  Q_RTPCR permits to follow the kinetics of DNA production
the number of copiegly total RNA, the expression levels of in real-time and to quantify the initial amount of mMRNA us-
P450scc, P450c21, P450c1B-BISDs, m-reductases, 20 ing a standard curve resulting in much lower variabilgy].
HSD and estrogen sulfotransferase (EST) in male and femaleOn the other hand, classical PCR quantification in which end
mice in order to improve knowledge about their tissue distri- product signal included exponentially amplified errf38],
bution and thus their functional role and also the function of shows very high variability.
their human orthologs. It is noteworthy that, in a single liver Two modes of detection are generally used, one using a
cell, the amount of total RNA is estimated to 50[3d] and gene-specific fluorescent hybridization probe in which a fluo-
thus an expression level of 20,000 copjgstotal RNA could rescentsignalisincreasg®,40]or decreasefd 1] by energy
corresponds to approximately 1 copy/cell in a homogenous transfer from one fluorescent dye to another, and a second one
cell population. using acommon SYBR Green | fluorescent dye that binds to
a minor groove of DNA42]. With a proper choice of primers
and amplification conditions assisted by informatics, it has

2. Double correction quantitative RealTime PCR been shown that RTPCR using SYBR Green | is a rapid,
sensitive and accurate method to quantify mRNZ2&42]
Quantitative RealTime PCR (RTPCR), a recently de- There are also two methods of determination of a cross-
veloped fluorescent method of MRNA quantificatid—34] ing point (Cp) value, a cycle number in a log-linear region

has improved greatly the mRNA quantification performed (Fig. 2 which will be used to calculate the quantitative value
with PCR. Indeed, QRTPCR permits to control PCR condi- 0of Q_ RTPCR. One method, namely second derivative, calcu-
tions most rigorously and the quantification takes place within lates a second derivati{85,37] value of the real-time fluo-

an exponential phase of the amplification cuj3®,36]thus rescence intensity curveig. 2A), only one value is obtained.
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lllustration of derivative method The second, namely Fit poif5] (Fig. 2B) is performed by

o7 T drawing a line parallel to th¥-axis in the log-linear region of
the real-time fluorescence intensity curve: a somewhat vari-
able user-dependent value can be obtained by this method.
The Fit point method is the most currently used method and
the calculation is user-dependent. The second derivative cal-
culation, on the other hand, does not involve any decision by
the user since a positive peak corresponds to the beginning
of the log-linear phase of the original data.

In this report, we use our improved method of quantifi-
cation to determine Cp value based on the second derivative

Cycle Number - method and a double correction. The first correction serves to
(A) --Sample 1 -0~ 1st Derivative_ —k— 2nd Derivative | minimize errors due to handling and RNA preparation using a
house keeping gene of the assay as internal standard. The sec-

Illustration of Fit Point Method ond correction using a reference expression level of the same

105 house keeping gene in the tissue or cells allows to express as
microgram of total RNA and thus to avoid the variation of
the results with the variability of housekeeping in each tissue,
especially in experiments using various treatments. Quantifi-
cation of absolute value (copiggy total RNA) is performed
using standard curve of the reference house keeping gene
subunit O of ATPase (ATP50) that have been shown to be
a gene having stable expression levels from embryonic life
0. N through adulthood in various tissugs3].
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Fig. 2. lllustration of the second derivative (A) and Fit point methods (B). 3. Mz_irked dlffer_encg of MRNA exp_reSS|on I_evels In
lllustrations taken from a LightCycler manual (Roche Inc.), showing the Classical endocrine tissues and peripheral tissues
variation of fluorescence signal vs. number of cycle and the method to de-
termine crossing point using second derivative peak (A) and Fit point (B). In As illustrated inFig. 3, quantification of mMRNA expres-
the second derlvatlve_me_thod, acrossing point (Cp) corresponds tq thg flrstsion levels of steroidogenic enzymes shows that there is a
peak of a second derivative curve. This peak corresponds to a beginning of .

good agreement between mRNA expression levels and enzy-

a log-linear phase (A). In the Fit point method (B), a Cp is determined by ) o o )
the intersection of a parallel to the threshold line in the log-linear region. ~ Matic activities in a specific tissue. The data permit to clearly
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Fig. 3. Quantification of mMRNA expression levels of P450scc, P450c17, P450821SBs and &-reductases in classical steroidogenic mouse tissues.
Twenty micrograms of total RNA extracted from mouse testis, ovary and adrenals were used for quantificati@BfBER. The experimental procedure was
as described in part 2, using the second derivative calculation method and double correction. The LightCycler RealTime PCR apparatus asvelvaseeage
from Hoffman-La Roche Inc. (Nutley, NJ). The expression level is indicated as the number of ggmé&NA. The data are expressed as meéhE.M. of
triplicate assays.
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Fig. 4. Quantification of mMRNA expression levels of P450scc, P450c17, P450821SBs 2@&-HSD and x-reductases in the mouse prostate and uterus.
Experimental procedures were as describegidgn 3.

identify the existence of two types of steroidogenic tissues: respectively) and weakly in the adrenals (10,000 copigs/
those of classical endocrine glands such as the testis, ovantotal RNA) (Fig. 3). The relatively low expression levels of
and adrenals which deliver steroids into the circulation (very P450c17 in the mouse and rat adrerjdds45]could explain
important dilution), and in which millions of copigsg total the absence of cortisol (the main human glucocorticoid) in
RNA are detected, and those of peripheral intracrine tissuesthe mouse. The main glucocorticoid in the mouse is indeed
where steroids are synthesized locally and exert their actioncorticosteroneFig. 5illustrates the importance of P450c17
at the site where they are produced (prostate, uterus, etc.)in the human adrenals. While the expression levels of human
and in which the expression level of steroidogenic enzymes and mouse P450c21 are both very high in the adrenals, only
is much lower. human P450c17 is highly observed in the adrenals. Our re-

Indeed, P450scc an@®3HSD — which are responsible for  sults confirm that the lack of formation of cortisol and the low
the formation of all steroid hormones — are expressed ex-levels of circulating adrenal steroid precursors (DHEA and
tremely abundantly in the adrenals and gonads, at more than
10 millions (M) copiesig total RNA. P450c21, which cat-

alyzes the hydroxylation at position C21 of the steroid nu- Emouse

cleus and is involved exclusively in the formation of gluco- Bhuman
corticoids and mineralocorticoids, is highly expressed in the 7O
adrenals.

AN

In addition, it is noteworthy that in the mouse prostate
and uterus, two well recognized intracrine organs, the ex-

<

=

[+

. . . 2 30, -
pression levels of steroidogenic enzyme mRNAs are rather 2 7
low, around hundreds of thousands of copigstotal RNA 2 ,//é
or less, as compared to more than 10 million copiggbtal ° Q
RNA in classical endocrine glands. As illustratedFig. 4 2 20 (//Z;
type 2 Sx-reductase mRNA is predominantly expressed in E //
the prostate at 123,000 copigg/ total RNA, while type 1 < 7 Z
S5a-reductase is predominantly expressed in the mouse uterus g 1w} | “
at 112,000 copieph total RNA. E ///
7%
P450c17 P450c21

4. Absence of mouse P450c17 mRNA expression in
the mouse adrenals Fig.5. Comparison of P450c17 and P450c21 mRNA expression levelsin hu-
man and mouse adrenals. mMRNA expression levels of P450c17 and P450c21

| dents. P450c17 is i ved lusivelv in the f in human and mouse adrenals were quantified using RealTime PCR. Ex-
n rodents, ¢ IS Involved exclusively In the for- pression of P450c17 is extremely high in human but very low in the mouse.

mat_ion of sex steroids. It is thl_JS. high|Y_ expressed in the gxpression of P450c21 is high in both human and mouse adrenals. Experi-
testis and ovary (2.2 and 1.6 million copigg/total RNA, mental procedures were performed as describ&ign3.
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Fig. 6. Localization of 2@-HSD in the adrenals by in situ hybridization. (A) Micrograph showing the strong labeling obtained in the zona reticularis of the
adrenal cortex of a female mouse after 1-day exposure time. (B) In the male, only weak labeling could be obtained in the reticularis zone aftpo4brday ex
time. ZR, zona reticularis; M, medulla.

or 4-androstenedione) in the mouse are not only due to mu-in the rapid inactivation of progesterone, mineralocorticoids

tations that altered the ability of mouse P450c17 to convert and glucocorticoids.

pregnenolone into DHEA, butitis mainly due to the alteration

of the expression of mouse P450c17 in the adrenals. Since

this enzyme catalyzes efficiently the conversion of proges- 6. Specific expression of mouse 20HSD in the

terone into 4-androstenedione in the mouse testis and ovaryreticularis layer

the presence of the enzyme will lead to a high production of

circulating adrenal sex steroid precursor, 4-androstenedione As shown in Fig. 6 20x-HSD, the enzyme that

in the mouse, as has been observed for DHEA production incatalyzes the transformation of progesterone inta-20

human. This is indeed not observed in mice. hydroxyprogesterong7] is mostly located in the zone sur-
rounding the female reticularis layer, the layer which pro-
duces DHEA and 4-dione in the human. Since P450c17 is ab-

5. High expression levels of type 2&reductase in sent in mice, progesterone, which is not used in the glomeru-

mouse adrenals losa and fasciculata layers to produce mineralocorticoid and
glucocorticoid precursors, cannot be converted into androgen

From the study of knock-out midd6] it has been sug-  precursors (4-dione) in the reticularis. It is thus likely that the

gested that type 1dered is more important for the female adrenal layer has a limited tolerance for progesterone, and the

mice physiology while type 2d&reductase is more impor-  excess of progesterone not totally degraded by low levels of

tant in the male. Our data agree with these observations sinceype 2 Sx-reductase in female adrenals could be inactivated

we observed a low expression level of type @-rfgductase by 20x-HSD. In the male, the high expression of typed2 5

in female-specific tissues (uterus, vagina and ovary), wherereductase in the adrenals — 100-fold higher than in the female

type 1 mx-reductase is expressed at higher levels. On the — strongly suggests that the preferred inactivation pathway

other hand, type 2 dreductase is expressed significantly of progesterone is through the reduction of progesterone into

in male-specific tissues such as the prostaig. @). The un- S5a-pregnane-3,20-dione by type @ Beductase followed by

usually very high expression levels of type @-Beductase  the transformation of & pregnanedione intodspregnane-

in the adrenals strongly suggest a new role f@rBductase  3a-0l-20-one by type 28-HSD. Itis worth noting that mouse
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750000 respectively, is reduced drastically. However, administration
of an inactive steroid precursor to gonadectomized mice al-
500000 lows the return of the androgen- and estrogen-sensitive organs

to a normal size.
This animal model constitutes a useful and widely used
tool for the study of sex steroids formation in peripheral tar-
F o L e S get tissues, a system that accounts for 40-50% of the pro-
duction of androgens in the human prostate supplied with
the steroid precursor DHEA found in high levels in the cir-
. . _ culation[8]. Furthermore, the data reveal many unpredicted
Fig. 7. mRNA_ expression Ievel_s of estrogen sulfotransferase in the mousetissue distributions suggesting new roles and functions for
prostate, seminal vesicles, testis, mammary gland, uterus and ovary. Exper- e )
imental procedures were performed as describédgn3 these enzymes. These data will improve considerably our
understanding of the role of steroidogenesis in target tissues.

adrenals is the site for the formation of important amounts of ~ The unusually high level of type 2&6reductase mRNAs in

progesterone, which is the precursor of glucocorticoids and the adrenals, strongly suggests its involvement in the reduc-

mineralocorticoids. tion of excess 3ketav4-steroids in the adrenal, namely, pro-
gesterone, glucocorticoids and mineralocorticoids into their
5a-reduced steroids

7. Selective expression of estrogen sulfotransferase in Since in the mouse adrenal, P450c17 is abskEigt. 6)

male-specific tissues [50], progesterone which is not used in the glomerulosa and
fasciculata layers to produce mineralocorticoid and glucocor-

As illustrated inFig. 7, SULT1E1, the enzyme that cat- ticoid precursors, cannot be converted into androgen precur-

alyzes the sulfonation of estrone and estrafi|49]and is sors (DHEA, 4-dione) in the reticularis. It is thus likely that

thus involved in estrogen inactivation shows a highly male- the adrenal layer has a limited tolerance for progesterone,

specific expression profile. It is expressed mainly in male- and the excess of progesterone not totally degraded by low

specific organs (prostate, testis, seminal vesicles) and is aldevels of type 2 &-reductase in female adrenals could be

most absent in the mammary gland uterus and ovary. Theinactivated by 28-HSD.

role of this enzyme is most probably to protect male tissues  Our finding that mouse SULT1E1, an estrogen inactivat-

against estrogenic action. It is, indeed, generally observeding enzyme, is expressed almost exclusively in male-specific

that estrogens antagonize androgenic action. tissues strongly suggests that this enzyme is involved in the
protection of male-specific tissues against estrogen action.
Indeed, it is generally observed that androgens and estro-

8. Conclusion gens possess antagonist effects on estrogen- and androgen-
sensitive cells, respectivel$1,52]

The quantitative appreciation of steroidogenic gene ex-

pression in the mouse tissues usingRDPCR shows a good

agreement between mRNA expression levels of genes of Acknowledgements
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