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We report here the results of the analysis of aromatase and
steroidogenic factor 1 (Sfl) expression in adult lung of the
urodele amphibian Pleurodeles waltl. Using RT-PCR experi-
ments, we show the expression of the estrogen-synthesizing
enzyme, aromatase, in this organ. In the lung, no significant
difference between males and females was observed in the
level of aromatase mRNAs. Aromatase mRNA levels were also
identical to those found in the brain or the testis, but the levels
were 2-fold lower than in the ovary. Aromatase activity mea-
surements revealed the presence of an active form of aro-
matase in the lung, which was similar in males and females.
There was no difference in the level of aromatase activity
between lung, brain, and testis, but a higher activity was mea-
sured in the ovary (13.7-fold compared with testis). Therefore,

the differences in aromatase mRNA level between the ovary
and the other organs did not mirror the differences in aro-
matase activity, suggesting the involvement of posttransla-
tional events. Aromatase was also expressed in the lung of the
anuran amphibian Xenopus laevis. In Pleurodeles lung, Sfl
mRNAs were also detected. There was no difference between
males and females in the level of these mRNAs. The Sf1 mRNA
levels were not significantly different from those measured in
the brain, but a significant 2.1-fold higher level of expression
was found in the gonads. These results demonstrate clearly
the expression of steroidogenic markers in the adult lung of
amphibians, but the biological significance of this remains to
be determined. (Endocrinology 145: 3111-3114, 2004)

ANY PHYSIOLOGICAL FUNCTIONS, including me-
tabolism, homeostasis, growth, and reproduction,
are under hormonal control or, at least, are influenced by
hormones (1). Sex steroids play a key role in reproductive
function among all vertebrate species and in sex differenti-
ation of nonmammalian vertebrates. Estrogens are synthe-
sized by a microsomal enzyme complex termed aromatase,
which is comprised of aromatase cytochrome P450 and a
ubiquitous reduced nicotinamide adenine dinucleotide
phosphate-cytochrome P450 reductase (2). Aromatase cyto-
chrome P450 is responsible for binding the C19 steroid sub-
strate (androstenedione and testosterone) and catalyzing the
rate-limiting reaction in estrogen biosynthesis, which leads
to the phenolic A ring typical of estrogens. In most vertebrate
species that have been studied, aromatase expression occurs
exclusively in the gonads and brain. In adults of humans and
other primates, aromatase is also found in the placenta and
in adipose tissue. In these mammals, in fetal tissues, the
distribution of aromatase is widespread (3-7). Thus, in ad-
dition to the endocrine action of estrogens, the local produc-
tion of estrogens acting in an autocrine or a paracrine way is
also important.

One of the known regulators of aromatase expression is
steroidogenic factor 1 (Sf1) (8, 9). Sf1 encodes a nuclear or-
phan receptor belonging to the nuclear receptor superfamily
(10). The sequence and function of this gene are highly con-

Abbreviations: EF1-a, Elongation factor 1-a; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; Sf1, steroidogenic factor 1.
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served among many taxa. It is expressed in several tissues
involved in steroidogenesis and/or reproduction, including
the adrenal gland in mammals and its corresponding organ
in other species (e.g. interrenal organ in amphibians), the
brain, and the gonad (11).

In the context of sex differentiation, we have performed
several studies on the urodele amphibian Pleurodeles waltl.
Aromatase activity measurements in the gonads of the larvae
revealed a higher level in females than in males (12). We have
cloned the P, s5p-aromatase gene in that species (GenBank
accession no. AY135485) and observed that the differences in
aromatase activity might be explained at least in part by
differences at the translational level (13). We have recently
cloned the Sfl gene in P. waltl (GenBank accession no.
AY540336) to determine whether the differences in aro-
matase expression could be related to differences in Sfl
expression.

During the study of adult tissues, we observed an expres-
sion of both aromatase and Sf1 in the lung of Pleurodeles waltl.
We report here the results of a more detailed analysis of this
organ. Our results showing the expression of active P,s5-
aromatase and Sf1 in the lung of Pleurodeles waltl, as well as
aromatase expression in the lung of Xenopus laevis, suggest
that this organ could have a steroidogenic function in some
amphibian species.

Materials and Methods
Animals
Adults of P. waltl and X. laevis were reared in fresh water at 20 = 2

C in our laboratory. Animals were anesthetized in a solution of ben-
zocaine (0.03%), and several organs, such as brain, testis, ovary, heart,
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liver, intestine, kidney, spleen, and lung, were dissected and checked for
aromatase and Sf1 expression.

RT-PCR analyses

The detailed protocol for reverse transcription has previously been
described (13). Total RNA was extracted from 50-100 mg of tissue using
1 ml of TRIzol reagent (Invitrogen Corp., Carlsbad, CA) and quantified.
Total RNA (3 ug) was reverse transcribed using hexamer primers and
100 U Moloney murine leukemia virus reverse transcriptase (Invitrogen)
in a total volume of 25 ul. A 2-ul aliquot of resultant cDNA was used
for PCR. The amplification was performed with 0.1 U Tag DNA Poly-
merase (Invitrogen) in PCR buffer containing 25 mm of each deoxynucle-
otide triphosphate, 2.5 mm MgCl,, and 0.4 pm of each primer in a total
volume of 25 ul.

Specific primers for P. waltl Ps,-aromatase (GenBank accession no.
AY135485) were 5'-ATTGCAGCACCTGACACGAT-3" and 5'-TTGT-
TCTGTACATTCTCTAA-3" and led to a PCR product of 510 bp in length.
For X. laevis aromatase, the primers were deduced from the sequence
published by Miyashita et al. (14); the primers were 5'-CATTTCTTAT-
GGCCGTTT-3' and 5'-TTGCATAAGTCCTGGACCAGAC-3" and led to
a 300-bp PCR product. The primers for Sf1 were 5'-GGGTACACCTAC-
CCACACTT-3' and 5'-TCTTGGCCTGTGACCAGGAG-3'. They were
deduced from the sequence of P. walt! Sf1 cDNA that we recently cloned
(GenBank accession no. AY540336). The resulting PCR product was 462
bp in length. All the PCR products encompass two exon/intron bound-
aries based on other vertebrate aromatase and Sf1 genes.

As a control to ensure that the RNA was not degraded or to prevent
poor transcription quality, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used in the case of P. waltl (primers: 5'-ACTACAAAG-
GACTAGGTCAGG-3" and 5'-CCGGTATTGCACTCAACGACC-3/,
leading to a 290-bp fragment), whereas elongation factor 1-a (EF1-a) was
chosen in the case of X. laevis (primers: 5'-CCTGAATCACCCAGGC-
CAGATTGGTG-3" and 5'-GAGGGTAGTCTGAGAAGCTCTCCACG-
3, leading to a 222-bp fragment). The PCR conditions were 1 min
denaturation at 94 C, 1 min annealing, and 1 min elongation at 72 C.
Annealing temperatures were 52 C for Pleurodeles aromatase and
GAPDH, 60 C for Sf1, and 57 C for Xenopus aromatase and EF1-a. We
performed 35 cycles for qualitative analyses. For semiquantitative anal-
yses, a 26-cycle amplification was performed because, in that case, the
amplification takes place in the linear phase of the PCR.

PCR products (10 ul) were run in a 1% agarose gel and either observed
directly or transferred to nylon membrane (Hybond-N; Amersham Bio-
sciences, Piscataway, NJ) before hybridization with digoxigenin-labeled
probes and detection by chemiluminescence using standard conditions
(13). The intensity of the hybridization signal was measured by using the
GelDoc 2000 (Bio-Rad Laboratories, Hercules, CA) and a software pack-
age (Quantity One version 4.3.1, Bio-Rad Laboratories). The relative
amounts of either P,5)-aromatase or Sf1 mRNA were normalized to
GAPDH for Pleurodeles and to EF1-a for Xenopus.

The PCR products were sequenced to verify that they had the ex-
pected nucleotide sequences for both aromatase and Sf1 (Genome Ex-
press, Paris, France).

Aromatase activity measurement

The activity of the enzyme was determined by the use of the tritiated
water method as previously described (12). The radioactivity from tri-
tiated water released by aromatization was measured, and enzymatic
activity was calculated and expressed in femtomoles of estrone pro-
duced per hour per milligram of tissue.

Statistical analysis

Aromatase activity, aromatase mRNA, and Sf1 mRNA were quan-
tified one time per organ for each animal. The results are expressed as
mean * SE of several measurements performed on different animals as
indicated in the text. Data were analyzed by means of ANOVA and
Student-Newman-Keuls multiple comparison procedures using the
SPSS 11.5 software (SPSS Inc., Chicago, IL).
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Results and Discussion

Qualitative RT-PCR analyses (Fig. 1) revealed the presence
of aromatase mRNA in the lung of adult Pleurodeles. The
sequence of the PCR product showed 100% identity with the
c¢DNA sequence (data not shown), demonstrating that there
was no doubt about the nature of the signal detected. Aro-
matase expression was also found in gonads and brain,
whereas no signal was observed in other organs such as
heart, liver, intestine, kidney, or spleen. Semiquantitative
measurements (Fig. 1) revealed that the amount of mRNA
was not significantly different between males and females in
different organs. In the lung, the aromatase to GAPDH
mRNA ratio appeared similar to that observed in the brain
(males and females grouped: 0.59 = 0.19 in lung vs. 0.6 = 0.24
in brain) but was significantly lower than the ratio measured
in the gonads (males and females grouped: 1.2 * 0.19; P <
0.05). In P. waltl, in both sexes, the lung is physically linked
to the gonad. Thus, we verified that the presence of aro-
matase mRNA in this organ was not the result of a gonadal
component. A lung was divided into three pieces, posterior,
medium, and anterior, and the most posterior and the most
anterior ones were devoid of any link with the gonad. Aro-
matase mRNAs were found in equal amounts in all pieces
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Fia. 1. Aromatase expression in different organs of P. waltl. Top,
Hybridization signal after qualitative RT-PCR. For brain (B), heart
(H), liver (Li), intestine (I), kidney (K), lung (Lu), testis (T), ovary (O),
and spleen (S), two experiments with (+) or without (—) reverse
transcriptase were performed. Bottom, The results of semiquantita-
tive analyses (means * SEs of four replicates; one measure per organ
per animal). *, P < 0.05 vs. ovary and °, P < 0.05 vs. testis.
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(data not shown), and this discarded the possibility of a
gonadal contaminant.

To determine whether these mRNAs were subjected to
translation, aromatase activity measurements were per-
formed (Fig. 2). The strongest activity was found in the ovary
in which the enzyme was able to aromatize 3.15 * 1.9 fmol
of (1B8->H)androstenedione/h-mg of tissue. The activity in
the testis was 13.7-fold lower (0.23 = 0.08 fmol/h-mg of
tissue; P < 0.05). The enzymatic activity in the lung was not
significantly different from that measured in the testis (0.26 +
0.12 and 0.23 = 0.08 fmol of (18-’H)androstenedione/h-mg
of tissue in female and male lungs, respectively). These ac-
tivities were not significantly different from those of female
or male brain.

It is interesting to note that the level of aromatase mRNAs
is not correlated to the level of activity of the enzyme. Thus,
a similar level of transcription seems to exist in testis and
ovary, whereas the activity is 13-fold higher in the ovary.
This indicates that posttranscriptional modifications are in-
volved and that they are important for the final status of
aromatase activity. This might be the result of a different
concentration of the protein in the organs, although studies
of the hypothalamus of the female frog Rana esculenta re-
vealed changes in aromatase activity throughout the repro-
ductive cycle without changes in aromatase concentration
(15). Posttranslational modifications, such as phosphoryla-
tion, could also be involved because kinase activators or
kinase inhibitors are able to induce fast changes in cerebral
aromatase activity in birds (16).

To our knowledge, the presence of aromatase in vertebrate
lung has only been found previously in the case of human
and monkey fetuses. This was observed by enzyme activity
measurements (3, 4) as well as by RT-PCR amplification (5,
6) and more recently by real-time RT-PCR (7). In these ex-
periments, no sex differences in aromatase levels were evi-
dent in the lung that could be in accordance with our results.
Nevertheless, a widespread distribution was observed and
the level of aromatase expression or activity in fetal lung was
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Fia. 2. Aromatase activity in several organs of P. waltl. Ovaries,
testes, brains, and lungs were submitted to aromatase activity mea-
surement by the tritiated water method. Values are means * SEs of
several replicates (one measure per organ per animal) whose number
is indicated. *, P < 0.05 vs. ovary.
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very low. Our results on adult P. walt! are different because
we did not observe a ubiquitous distribution (no expression
was observed in heart, liver, intestine, kidney, or spleen).
Moreover, the level of aromatase expression or activity in the
lung was as high as in the testis where aromatase is supposed
to play a physiological role as in mammals (17).

Because the presence of active aromatase was demon-
strated in Pleurodeles lung, we studied the expression of Sf1.
Indeed, the product of this gene is known to be a regulator
of aromatase expression (8, 9). The primers that we designed
allowed us to amplify a cDNA fragment of 462 bp in ovary,
testis, kidney, brain, spleen, and lung (Fig. 3). No expression
was observed in heart, liver, and intestine. The sequence of
the PCR product obtained from lung mRNAs showed 100%
identity with the cDNA sequence (data not shown), dem-
onstrating that there could be no doubt about the nature of
the signal detected. Semiquantitative RT-PCR analyses re-
vealed no significant difference between male and female Sf1
levels in all of the organs. There were no significant differ-
ences in the ratio of Sf1 to GAPDH between the brain and the
lungs. A significant 2.1-fold higher ratio was found in the
gonads compared with lungs (males and females grouped:
1.03 + 0.29 vs. 0.49 + 0.14).

So, Sf1 was expressed in Pleurodeles lung. The expression
of Sfl in an organ is not always associated with a steroido-
genic function for this organ. For instance, in Pleurodeles, we
have found Sf1 expression in the spleen, which is not known
as a steroidogenic organ. However, in Pleurodeles lung, the
expression of 5f1 was also accompanied by the expression of
aromatase, and this could indicate a steroidogenic function.

To determine whether our findings about the lung of P.
waltl might reflect a feature common to other amphibians, we
studied aromatase expression in the anuran X. laevis, whose
P so-aromatase gene has already been cloned (14). A study of
adult organs in that species has been performed previously,
but it did not include the lung (14). Our RT-PCR analysis
revealed aromatase expression in X. laevis lung too (Fig. 4).
The PCR product had the expected sequence (data not
shown). It is interesting to note that, in that species, there is
no connection between the lung and the gonad. To our
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Fic. 3. Sfl expression in different organs of P. waltl. Top, Typical
result of a qualitative RT-PCR after ethidium bromide staining. Bot-
tom, Results of semiquantitative analyses (means * SEs of four rep-
licates; one measure per organ per animal). *, P < 0.05 vs. ovary; °, P <
0.05 vs. testis.
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Fic. 4. Aromatase expression in the lung and ovary of X. laevis. The
PCR products were run on an agarose gel and stained with ethidium
bromide. EF1-a was used as a control.

knowledge, in other amphibian species, no study of aro-
matase expression has been performed in adult tissues.

In Rana rugosa, Northern blot analysis of Sf1 revealed only
a faint band in testis samples, whereas RT-PCR revealed a
wider distribution (testis, brain, spleen, and adrenal /kidney)
(18). No expression was found in the lung, and surprisingly,
no expression was detected in the ovary, which is in contrast
to what is observed in other vertebrate species. In Rana cates-
beiana, Sf1 was studied at the protein level using an immun-
serum raised against the mouse antigen (19). In the adult
frog, the protein was found in different tissues including
gonads, brain, interrenal, liver, and intestine, but unfortu-
nately, the search for the protein in the lung does not seem
to have been performed.

What could be the reason for such an expression of ste-
roidogenic markers, especially aromatase, in the lung of P.
waltl and X. laevis? One might expect that the local produc-
tion of estrogens could regulate some aspects of lung phys-
iology. Several roles for estrogens in the lung have been
illustrated in mammals. For instance, estrogens, via their
receptors a and 3, seem to be involved in the proliferation of
lung-derived cell lines, suggesting a potential role in normal
and malignant proliferation processes (20, 21). In addition, in
rats, 17p-estradiol attenuates chronic hypoxia-induced pul-
monary hypertension by decreasing pulmonary expression
of the vasoactive and mitogenic peptide endothelin-1 (22).
Nevertheless, our knowledge of amphibian lung physiology
is very poor, and further studies are required to determine
the exact role for aromatase and Sf1 expressions in this organ.
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