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Shi X. Chen,3,4,5 Jan Bogerd,5 Ángel Garcı́a-López,5 Hugo de Jonge,5 Paul P. de Waal,5 Wan S. Hong,3,4
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ABSTRACT

Progestagenic sex steroid hormones play critical roles in
reproduction across vertebrates, including teleost fish. To
further our understanding of how progesterone modulates testis
functions in fish, we set out to clone a progesterone receptor
(pgr) cDNA exhibiting nuclear hormone receptor features from
zebrafish testis. The open reading frame of pgr consists of 1854
bp, coding for a 617-amino acid-long protein showing the
highest similarity with other piscine Pgr proteins. Functional
characterization of the receptor expressed in mammalian cells
revealed that zebrafish Pgr exhibited progesterone-specific,
dose-dependent induction of reporter gene expression, with
17alpha,20beta-dihydroxy-4-pregnen-3-one (DHP), a typical
piscine progesterone, showing the highest potency. Expression
of pgr mRNA: 1) appeared in embryos at 8 h after fertilization; 2)
was significantly higher in developing ovary than in early
transforming testis at 4 wk of age but vice versa in young adults
at 12 wk of age, and thus resembling the expression pattern of
the germ cell marker piwil1; and, 3) was restricted to Leydig and
Sertoli cells in adult testis. Zebrafish testicular explants released
DHP concentration dependently in response to high concentra-
tions of recombinant zebrafish gonadotropins. In addition, DHP
stimulated 11-ketotestosterone release from zebrafish testicular
explants, but only in the presence of its immediate precursor,
11beta-hydroxytestosterone. This stimulatory activity was
blocked by a Pgr antagonist (RU486), suggesting that 11beta-
hydroxysteroid dehydrogenase activity was stimulated by DHP
via Pgr. Our data suggest that DHP contributes to the regulation
of Leydig cell steroidogenesis, and potentially—via Sertoli
cells—also to germ cell differentiation in zebrafish testis.

gonad development, nuclear progesterone receptor, steroid
hormones, steroid release, testis

INTRODUCTION

Progestagenic sex steroid hormones play critical roles in
vertebrate reproduction. In mammals, progesterone signaling
regulates multiple reproductive processes in females, including
follicle growth, oocyte maturation, ovulation, implantation, and
the maintenance of pregnancy [1]. In male mice, however, loss
of progesterone receptor (PGR) function does not result in a
testis phenotype, and the animals are fertile, although plasma
luteinizing hormone (LH) levels are higher than normal [2],
reflecting a negative feedback effect of progesterone on LH
release that is used in hormonal male contraception [3]. It has
also been reported that progesterone stimulates the acrosome
reaction [4, 5].

In many teleost fish, the biologically active progesterone
molecule is 17a,20b-dihydroxy-4-pregnen-3-one (DHP),
which plays crucial roles during the resumption of meiosis in
final oocyte maturation [6]. However, also in male fish, DHP
plays multiple and significant roles in reproductive physiology.
Plasma DHP levels increase during the reproductive cycle [7,
8], when germ cells enter into meiosis and—in a later stage—
when attaining full maturity and spawning activity. Studies on
testicular steroid metabolism in rainbow trout showed that the
DHP precursor 17a-hydroxy-4-pregnen-3-one (17a(OH)P4)
was efficiently converted to DHP during three periods; namely,
when testis tissue was immature and contained spermatogonia
only, when germ cells entered meiosis, and in fully mature fish
[9]. Regarding the final stages of sperm maturation, DHP has
been reported to stimulate sperm hydration [10] and acquisition
of sperm motility [11, 12]. More recently, it was found that
DHP induces the entry of male germ cells into meiosis [13].
Finally, DHP is a highly potent pheromone in fish [14, 15].
Therefore, fish are an interesting vertebrate group to study the
spectrum of progesterone actions in male reproduction.

The biological activity of progesterone is mediated via
specific receptors. A single hormone can interact with different
receptor types. For estrogens [16], retinoids [17], or prosta-
glandins [18], it is known that next to members of the nuclear
receptor family, there are also membrane-associated receptors.
Also for progesterones, different receptor types have been
reported, belonging either to the nuclear hormone receptor
superfamily or to the membrane-associated receptor family [19,
20], although the functions mediated by membrane-associated
progesterone receptors are still a matter of discussion [21]. The
present study deals with the nuclear progesterone receptor of
zebrafish.

Zebrafish (Danio rerio, Cyprinidae) is a vertebrate model
system offering the attractive combination of being simple to
maintain and suitable for studies on development, genetics,
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diseases, and physiology [22, 23]. Zebrafish are also used for
basic [23, 24] and applied [25–27] studies on the biology of
reproduction. Recently, we presented a detailed and quantita-
tive description of testis structure and the different stages of
germ cell development during spermatogenesis [28]. To
develop our understanding of the two main testicular functions,
spermatogenesis and steroidogenesis, and to elucidate the
possible Pgr role(s) in this context, we set out to clone the
zebrafish nuclear progesterone receptor (pgr) cDNA. We report
the pharmacological characterization of the zebrafish Pgr, pgr
mRNA expression patterns during ontogenesis and in different
adult tissues. We also studied the capacity of zebrafish
testicular explants to produce DHP under gonadotropin
stimulation and the ability of DHP to modulate androgen
release in a Pgr-dependent manner.

MATERIALS AND METHODS

Animals and Source of Steroid Hormones

Tübingen AB strain zebrafish, outbred zebrafish from a mixed background,
or transgenic zebrafish (AB background) expressing enhanced green
fluorescent protein under the control of the germ cell-specific vas promoter
(vas::egfp) [29] were used. Animal culture [30] and experimentation were
consistent with Dutch regulations and were approved by the Utrecht University
Life Sciences Committee for Animal Care and Use. Under the conditions of
constant photoperiod and temperature in our aquarium facility, we see no
evidence for a seasonality of reproductive parameters [28].

The following steroids were used in the current study: DHP, 17a,20b,21-
trihydroxy-4-pregnen-3-one (20b-S), progesterone (P4), 17a(OH)P4, testoster-
one, 11-ketotestosterone (11-KT), 17b-estradiol (E

2
), cortisol, 11b-hydrox-

ytestosterone (11b-OHT), synthetic progestin promegestone (R5020), and
mifepristone (RU486). All steroids were purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands) except for R5020, which was obtained from
Perkin Elmer (Waltham, MA).

Cloning and Sequence Analysis of Zebrafish pgr cDNA

Total RNA was extracted from adult zebrafish testes using the FastRNA
Pro Green kit (MP Biomedicals, Solon, OH). Poly(A)-rich zebrafish testis RNA
was isolated using Dynabeads-oligo(dT

25
) (Dynal A.S., Oslo, Norway) and

reverse transcribed to 50 and 30 rapid amplification of cDNA ends (RACE)-
ready cDNA using a SMART RACE cDNA amplification kit (Clontech,
Mountain View, CA) following the manufacturers’ instructions.

Two partial zebrafish pgr cDNAs (GenBank accession numbers DQ017620
and XM_001343705) were obtained from GenBank by BLAST searches [31],
using the human PGR cDNA sequence (GenBank accession number M15716)
as query sequence. Based on these two sequences, a full-length zebrafish pgr
cDNA sequence was predicted, which was confirmed with BLAST searches in
the D. rerio Ensembl database (http://www.ensembl.org). To generate a
zebrafish pgr expression vector construct, the predicted pgr open reading frame
(ORF) was PCR amplified using primers overlapping the start and stop codons
(2783, 50-TTGCCACCATGGACACGGTGAACACTTCTCCCGCTGATT-30;
2784, 5 0-TCGTCCGGTCGGCCTTCATTTGTGGTGA-3 0), cloned into
pcDNA3.1/V5-His TOPO (Invitrogen, Carlsbad, CA) in the correct orientation,

and sequence verified using Dye Terminator cycle sequencing chemistry
(Applied Biosystems, Foster City, CA).

After obtaining the zebrafish pgr cDNA sequence, a homology search was
performed using the BLAST program [31]. The alignment of multiple nuclear
PGR sequences was performed using the Megalign program of the Lasergene
software package (DNASTAR Inc., Madison, WI) with the Clustal W
(PAM250) algorithm [32], and percentage identity was calculated. The
percentage identity is a measure of similarity between the zebrafish and other
PGR sequences, derived by taking the matches over the matches, mismatches,
and gaps, according to the formula: similarity ¼ (100 3 consensus length)/
(consensus length þ mismatches þ gaps). For comparison with the zebrafish
Pgr, we only selected (deduced) PGR amino acid sequences from studies that
experimentally demonstrated P4 binding to the receptors; the respective
GenBank accession numbers are available as Supplemental Data (all
Supplemental Data are available online at www.biolreprod.org). A phyloge-
netic tree was constructed from the aligned sequences using the neighbor-
joining method [33].

Transactivation Assays for Zebrafish Pgr

HEK293T cells were used to express the zebrafish Pgr protein. Cells were
seeded in 10-cm dishes (;2 3 106 cells per dish) in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% v/v fetal bovine serum (FBS),
glutamine, and penicillin/streptomycin (Gibco, Breda, The Netherlands) at
378C in a 5% CO

2
incubator. After 24 h, the cells were cotransfected using a

standard calcium phosphate precipitation method [34] with 400 ng of the
zebrafish pgr expression plasmid and 7 lg of pGL3-MMTV-Luc plasmid,
containing the mouse mammary tumor virus-long terminal repeat (MMTV-
LTR) and the Photinus pyralis luciferase gene [35]. After 5–6 h, the transfected
cells were transferred to 24-well plates coated with poly-L-lysine hydrobromide
(Sigma-Aldrich). The next day, the medium was replaced by transactivation
assay medium (DMEM without phenol red, supplemented with 0.2% v/v
charcoal-stripped FBS, glutamine, and nonessential amino acids) containing
different steroids (in duplicates) with final concentrations ranging between 0.1
nM and 10 lM (n ¼ 2 per condition tested; see Fig. 2) or with different
concentrations of DHP (10 pM to 1 lM) in the presence of the mammalian
PGR antagonist RU486 (1–100 lM; see Fig. 8) [36]. After incubation at 378C
for 24–36 h, the cells were harvested in lysis mix (100 mM potassium
phosphate buffer, pH 7.7; 1% v/v Triton X-100 [Sigma-Aldrich]; 15% v/v
glycerol; and 2 mM dithiotreitol [DTT]) and stored at �808C. Luciferase
activity was determined by adding an equal volume of substrate mix (100 mM
potassium phosphate buffer, pH 7.7; 250 mM D-luciferin [Invitrogen]; 1 mM
DTT; 2 mM ATP [Roche, Woerden, The Netherlands]; and 15 mM magnesium
sulfate [Promega, Leiden, The Netherlands]) to thawed samples, and
luminescence was measured in a Packard TopCount NXT luminometer (Perkin
Elmer Life Sciences, Meriden, CT). Each compound was tested in three
independent experiments using cells from different transfections.

Tissue and Ontogenic Analysis of Zebrafish pgr
mRNA Expression

First, relative zebrafish pgr mRNA expression levels were examined in
different organs obtained from adult zebrafish (n ¼ 3 individuals per sex).
Second, changes in zebrafish pgr mRNA expression were analyzed from 0 to
24 h after fertilization (hpf) in whole-zebrafish embryos (n ¼ 3 pools of 20
embryos for each time point) to investigate whether pgr mRNA is among the
maternally contributed mRNAs or when pgr mRNA expression starts during

FIG. 1. Phylogenetic tree of PGRs. The
Jotun Hein method was used to perform
multiple-sequence alignment. The phyloge-
netic tree was constructed by the neighbor-
joining method using the MegAlign pro-
gram (Lasergene software package; DNAS-
TAR Inc.), including only sequences where
progesterone binding had been demon-
strated experimentally. The horizontal dis-
tances to the branching points are
proportional to the number of amino acid
substitutions. The numbers beside the
branches indicate bootstrap values from
1000 replicates.
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early embryonic development. Finally, relative gonadal pgr mRNA expression

levels were studied during zebrafish sex differentiation. Zebrafish is an

‘‘undifferentiated’’ gonochoristics species (i.e., gonads initially develop as

ovaries at ;2–3 wk after fertilization [wpf]), but in future males, ovarian tissue

soon degenerates and gonadal tissue transforms into testis starting at ;3–5 wpf

[25, 37]. Using gonad samples from vas::egfp zebrafish to sort for testicular and

ovarian tissue [29], we selected three sampling points during the ovary-to-testis

transformation process: 1) initial phases of the sex-reversal process at 4 wpf

(fish at this age were classified as developing females or transforming males)

[26, 37], 2) completion of testicular differentiation and start of meiosis/

spermiogenesis at 8 wpf, and 3) young adults at 12 wpf. To investigate the
relative pgr mRNA expression levels in relation to early stages of germ cell
development, we also examined the relative expression levels of the germ cell
marker piwil1 [38] and of the meiosis-specific marker sycp3l [39].

Depending on the size of the tissue samples, either the FastRNA Pro Green
kit (MP Biomedicals) or the RNAqueous-Micro Kit (Ambion, Austin, TX) was
used for total RNA extraction. Synthesis of cDNA from total RNA samples was
performed as described previously [40]. Primers to detect zebrafish pgr, piwil1,
and sycp3l mRNA were designed and tested before use for specificity and
amplification efficiency on serial dilutions of testis cDNA (Supplemental Table
S1), as described elsewhere [40]. Primers and a 6-carboxy-fluorescein-labeled
probe were acquired to detect the endogenous control, 18S rRNA (TaqMan
gene expression assays; Applied Biosystems). All real-time, quantitative PCRs
(qPCRs) were performed in 20-ll reactions, and C

t
values were determined in a

7900HT Real-Time PCR System (Applied Biosystems) using default settings,
as described previously [35]. Relative pgr, piwil1, and sycp3l mRNA levels
were calculated as reported previously [40].

Cellular Localization of pgr Expression in Zebrafish Testis

The localization of pgr mRNA expression in zebrafish testis was
investigated by in situ hybridization and by qPCR analysis of laser-
microdissected testis tissue fractions and of testis tissue samples from germ
cell-less, homozygous piwil1 mutants [38].

A zebrafish pgr-specific PCR product was generated with primers 2737 (50-
GGGCGGGTGTTATTAACCCTCACTAAAGGGCTTGAAGAGTCAAACA
CAGTTTGATG-30) and 2738 (50-CCGGGGGGTGTAATACGACTCACTA
TAGGGACTGATTCTAATTCTTTCTCCACTCTCTGAA-3 0), which con-
tained the T3 or T7 RNA polymerase promoter sequence (underlined) attached
at their 50 ends, respectively. The ;465-bp PCR product obtained was gel
purified and served as template for digoxigenin-labeled cRNA probe synthesis,
as described previously [41]. In situ hybridization was performed on
10-lm-thick cryosections from adult zebrafish testis, as reported previously
[35], except that a 48-h hybridization period was used.

Laser microdissection of zebrafish testis sections was carried out similar to
the procedure described recently for African catfish (Clarias gariepinus) testis
[42]. In brief, two testis tissue fractions were microdissected from freshly
obtained cryosections and collected using a PALM MicroBeam Instrument
(PALM Microlaser Technologies, Bernried, Germany): interstitial tissue,
identified by means of the 3b-hydroxysteroid dehydrogenase (3b-HSD)
staining of Leydig cells, and intratubular tissue, containing spermatogenic
cysts (germ/Sertoli cell units) with germ cells at all three major stages of
spermatogenesis (mitotic, meiotic, and spermiogenic phase). Total RNA
extraction of laser-microdissected samples (RNAqueous-Micro Kit; Ambion),
linear amplification (MessageAmpTM II aRNA Amplification Kit; Ambion),
and reverse transcription to cDNA were performed as reported previously [42].

FIG. 2. Ligand-induced transactivation properties of the zebrafish Pgr.
HEK293T cells were transiently cotransfected with the pGL3-MMTV-Luc
vector and the zebrafish pgr expression vector construct. A) Transfected
cells were incubated with increasing concentrations of various progester-
ones (from 0.1 nM to 10 lM). Percentage (%) of response: values are given
relative to the maximal amount of luciferase activity for each condition.
Each point represents the mean 6 SEM of three independent experiments,
with duplicates for each steroid concentration. The EC

50
(nM) value of

each progesterone is given between brackets. Curves were generated
using nonlinear regression (GraphPad Prism 4.0). B) Transfected cells were
incubated with or without 1 lM of the steroids indicated. Data are
expressed as the ratio of steroid:no-steroid control (NSC). Each column
represents the mean ratio of three independent experiments, with the
vertical bar representing the SEM, if not too small for the scale. T,
testosterone.

FIG. 3. Relative expression of zebrafish pgr mRNA in adult organs. Total
RNA was extracted from various tissues of male (black columns) and
female (white columns) zebrafish. The expression level was normalized to
the expression of 18S rRNA. Values represent mean 6 SEM (n¼3) relative
to testicular pgr mRNA levels. The asterisk indicates a significant
difference between testicular and ovarian (P , 0.05) tissue (Student t-
test). ND, not detectable.
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The relative pgr mRNA expression levels were quantified in zebrafish
interstitial and intratubular tissue fractions. In this RNA amplification
technique, poly(A)þ mRNA is reverse transcribed and converted into double-
stranded cDNA using an oligo(dT) primer containing a promoter for T7 RNA
polymerase. The second-strand cDNA serves as a transcription template for
amplified antisense RNA (aRNA) production. Therefore, the target amplicons
for pgr and actb1 were designed in their last exons. Primers to detect the
endogenous control actb1 mRNA as well as the pgr mRNA were tested before
use for specificity and amplification efficiency on serial dilutions of testis
cDNA as described above (Supplemental Table S1) [40], whereas the RNA
samples were DNAse I treated before cDNA synthesis.

Homozygous piwil1 mutant zebrafish [piwil1(�/�)] have germ cell-depleted
testes [38]. The relative zebrafish pgr mRNA expression levels were compared
between testis of piwil1(�/�) and wild-type zebrafish by qPCR. Total RNA
extraction and reverse transcription to cDNA were performed as described
above, and 18S rRNA served as an endogenous control gene in this series.

Short-Term In Vitro Steroid Secretion by Zebrafish
Testicular Explants

Testicular tissue explants from sexually mature, outbred zebrafish were
used in the experiments described below. Both testes from six fish were used

per condition to be tested. For each individual, one testis served as control for
the contralateral one, as described previously [43], hence representing
biologically independent sample sets. Moreover, two series of similar
experiments were carried out. Incubations lasted 18 h in a humidified air
atmosphere at 258C in 96-well flat-bottom plates (Corning), using a final
volume of 200 ll. Basal culture medium consisted of 15 g/L Leibovitz L-15
(Invitrogen) supplemented with 10 mM HEPES (Merck), 0.5% w/v bovine
serum albumin fraction V (Roche, Mannheim, Germany), 0.4 mg/L
amphotericin B (Fungizone; Invitrogen), and 200 000 units/L penicillin/
streptomycin (Invitrogen); pH was adjusted to 7.4. The different solvents used
(dimethyl sulfoxide [DMSO] ,0.5%; PBS ,0.4%; ethanol ,0.001%) for
different test substances always were identical between control and treated
testes, and the different solvents had no significant effect on basal steroid
release (see below). After incubation, the tissue explants were weighed. The
medium was heated at 808C for 1 h, centrifuged for 30 min (16 000 3 g), and
the supernatant collected and stored at �208C until quantification of levels of
different steroids by radioimmunoassay [44]. The results are expressed as
amount of steroid released into the medium per milligram of testis tissue
incubated.

First, testicular explants were challenged with increasing concentrations of
single-chain recombinant zebrafish Fsh (rec-zfFsh; from 50 to 1000 ng/ml),
single-chain recombinant zebrafish Lh (rec-zfLh; from 100 to 2000 ng/ml), or
the adenylate cyclase activator forskolin (from 0.1 to 25 lM; Sigma-Aldrich).

FIG. 4. The relative expression of zebrafish pgr (A and B), piwil1 (C), and sycp3l (D) mRNAs during ontogeny. A) RNA was extracted from whole embryos
at different stages of development. The level of expression was determined by qPCR and normalized to the expression of 18S rRNA. Data are expressed as
mean 6 SEM (n¼ 3) relative to pgr mRNA levels in 8-hpf embryo. ND, not detectable. B–D) RNA was extracted from developing gonads of individual
vas::egfp transgenic zebrafish and classified into testis or ovary according to their EGFP expression pattern. Relative levels of pgr (B), piwil1 (C), and sycp3l
(D) mRNA were determined by qPCR after normalization to the levels of 18S rRNA. Data are expressed as mean 6 SEM (n¼6) relative to pgr mRNA levels
in 4-wpf male testis. The asterisks indicate a significant difference in relative expression between male and female (*P , 0.05; **P , 0.01; ***P , 0.001).
Bars marked with different letters are significantly different between each other (P , 0.01; lowercase for males, uppercase for females).
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Details on the production and purification by affinity chromatography of
recombinant zebrafish gonadotropins will be published separately. Gonadotro-
pin stocks were prepared in PBS, whereas the forskolin stock was prepared in
DMSO. After incubation, DHP levels in the medium were quantified by
radioimmunoassay [44]. Significant differences among the different concen-
trations of each test substance were identified by one-way ANOVA followed
by the Student-Newman-Keuls test. DHP release in basal medium and in media
containing low gonadotropin concentrations was below the detection limit of
the assay (4 pg per 50 ll) and was excluded from the statistical analyses.

Second, the ability of DHP to stimulate 11-KT production by zebrafish
testis tissue was studied by incubating testicular explants with either DHP (100
ng/ml), 11b-OHT (10 ng/ml), or DHP plus 11b-OHT. Steroid stocks were
prepared in ethanol. Our previous studies have shown that the main
steroidogenic pathway in zebrafish testis leads from the conversion of 11b-
hydroxyandrostenedione to 11-ketoandrostenedione, catalyzed by 11b-HSD,
followed by conversion of 11-ketoandrostenedione to 11-KT, mediated by 17b-
HSD [35]. To circumvent this main steroidogenic pathway, we used 11b-OHT
as substrate, which can be converted to 11-KT by 11b-HSD. After incubation,
11-KT levels in the medium were quantified by radioimmunoassay [44].
Because of the experimental design (incubation of one testis under basal
conditions, the contralateral one under experimental conditions), we obtained a
basal 11-KT release dataset for each condition assayed. Homogeneity of basal

FIG. 5. Cellular localization of pgr mRNA expression in zebrafish testis.
A) In situ hybridization for pgr mRNA on testis sections of sexually mature
zebrafish. The antisense cRNA probe showed strong staining in Leydig
cells (arrows) and weak staining in Sertoli cells (arrowheads). Germ cells
(spermatogonia [SG]; spermatocytes [SC]; spermatids [ST]; spermatozoa
[SZ]) were devoid of signal. Inset shows the sense cRNA probe; note the
absence of specific staining. Bar¼ 25 lm. B) Relative expression levels of
zebrafish pgr from interstitial (IC) and intratubular (IT) tissue fractions. The
level of pgr expression was normalized to the expression of actb1. C)
Relative expression levels of zebrafish pgr from wild-type (WT) and piwil1
mutant [piwil1(�/�)] testis. The level of pgr expression was normalized to
the expression of 18S rRNA.

FIG. 6. Stimulation of DHP release by zebrafish testicular explants.
Amounts of DHP (mean 6 SEM) released by zebrafish testis during
overnight exposure to increasing concentrations of recombinant zebrafish
Fsh (rec-zfFsh; A), recombinant zebrafish Lh (rec-zfLh; B) or the adenylate
cyclase activator forskolin (C). B, basal release; ND, not detectable. The
values shown are data compiled from two independent experiments with
six replicates per ligand concentration each. Bars marked with different
letters are significantly different from each other (P , 0.05).

ZEBRAFISH NUCLEAR PROGESTERONE RECEPTOR 175

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



androgen release among the different groups of replicates was tested by one-
way ANOVA. No significant differences were identified (P . 0.05), and
therefore basal release data were compiled into one single basal 11-KT release
condition. Thereafter, significant differences among the different treatments
were identified by one-way ANOVA followed by the Student-Newman-Keuls
test (P , 0.05).

Effects of RU486 on DHP-Stimulated 11-KT Release

To investigate whether the DHP-stimulated 11-KT production was Pgr
dependent, we incubated testicular explants with DHP (100 ng/ml) and 11b-
OHT (10 ng/ml) or with DHP and 11b-OHT together with RU486 (10 lM).
This concentration of RU486 was chosen because it partially inhibited DHP-
stimulated and Pgr-mediated reporter gene expression, whereas it did not
inhibit androgen production in the presence of a concentration of rec-zfLh (500
ng/ml) that stimulated 11-KT release but not yet DHP release.

RESULTS

Isolation and Sequence Analysis of Zebrafish pgr cDNA

The ORF of the zebrafish pgr consisted of 1854 nucleotides
(GenBank accession number FJ409244), encoding a protein of
617 amino acids (Supplemental Fig. S1). The comparison of
the deduced amino acid sequence of the zebrafish Pgr with
PGRs from other species is shown in Supplemental Table S2.
The zebrafish Pgr sequence could be subdivided into four
domains. An N-terminal transactivation domain showed low
homology (7.1%–23.9%), whereas the putative DNA-binding
domain (DBD) and ligand-binding domain (LBD) showed high
homology (DBD, 83.3%–97.2%; LBD, 65.3%–83.2%) with
PGRs of other vertebrates. The overall homology of zebrafish
Pgr with PGRs from other species is 43.6%–66.3%.

A phylogenetic tree, constructed from the aligned amino
acid sequences using the neighbor-joining method [33],
revealed that the known PGRs are divided into three major

FIG. 7. Release of 11-KT from zebrafish testicular explants. Amounts of
11-KT (mean 6 SEM) released by zebrafish testis during overnight
exposure to different conditions. Control, testis incubated without steroid;
DHP, testis incubated with DHP (100 ng/ml); OHT, testis incubated with
11b-OHT (10 ng/ml); DHP þ OHT, testis incubated with DHP (100 ng/ml)
and 11b-OHT (10 ng/ml). Values represent compiled data from two
independent experiments with six replicates per condition. Bars marked
with different letters are significantly different from each other (P , 0.05).

"

FIG. 8. Effects of RU486 on DHP-stimulated 11-KT release. A) Inhibition
of DHP-induced, zebrafish Pgr-mediated transactivation of the MMTV
promoter by RU486. The cells were incubated for 24 h with increasing
concentrations of DHP (10 pM to 1 lM) with or without 1, 10, or 100 lM

RU486. Percentage (%) of response: values are given relative to the
maximal amount of luciferase activity for each condition. B) The cells
were incubated for 24 h with fixed concentrations of DHP (1 lM) with or
without 1, 10, or 100 lM RU486. Data are expressed as the ratio of
RU486:DHP. C) Amounts of 11-KT released by zebrafish testis during
overnight exposure to either DHP (100 ng/ml) plus 11b-OHT (10 ng/ml) or
DHP (100 ng/ml) plus 11b-OHT (10 ng/ml) with RU486 (10 lM). Data are
expressed as mean 6 SEM (n ¼ 6). Bars marked with different letters are
significantly different from each other (P , 0.05; Student t-test).
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clades (Fig. 1). The first clade consisted of fish Pgrs; the
second clade contained avian, reptilian, and amphibian PGRs;
and the last clade contained mammalian PGRs.

Steroid-Specific Transactivation of the Zebrafish Pgr

To determine the steroid-dependent transactivation proper-
ties of the zebrafish Pgr, HEK 293T cells were transfected with
the pGL3-MMTV-Luc reporter construct alone or together with
the zebrafish pgr expression vector construct. Next, transfected
cells were stimulated with increasing concentrations of
different steroid hormones. When transfected with the empty
vector, none of the steroid hormones tested (i.e., DHP, 20b-S,
P4, 17a(OH)P4, and R5020) increased luciferase activity (data
not shown), indicating that HEK 293T cells do not express an
endogenous PGR. Dose-dependent, Pgr-mediated activation of
the MMTV promoter was shown for all aforementioned
progesterone-related steroids (Fig. 2A), the one with the lowest
effective concentration at 50% (EC

50
) value being DHP (8.0 6

1.3 nM). Also, at a fixed concentration of 1 lM, DHP was the
most potent inducer of luciferase activity (69-fold above
control; Fig. 2B). The other four progesterone-related hor-
mones tested elicited significant increases of luciferase activity
as well (from 26- to 53-fold above control), whereas other
steroid hormones assayed (testosterone, 11-KT, E

2
, or cortisol)

were ineffective at the dose tested (1 lM).

Tissue Distribution of Zebrafish pgr mRNA

Real-time quantitative PCR analysis of several tissues from
adult male and female zebrafish showed that pgr mRNA was
predominantly expressed in the testis (Fig. 3). Significantly
lower pgr mRNA levels were found in the ovary and in most
other tissues tested, without showing significant differences
between sexes. Heart and gill tissue did not express detectable
pgr mRNA level.

Ontogenic Analysis of Zebrafish pgr mRNA
Relative Expression

Ontogenic changes in zebrafish pgr mRNA expression were
analyzed during early embryogenesis in whole embryos, and in
sex-differentiating and sexually mature gonads by qPCR.
Analysis of zebrafish embryos showed that pgr mRNA became
detectable from 8 hpf onward (Fig. 4A) (i.e., there was no
maternal contribution of pgr mRNA). Expression analysis in
early sex-differentiating gonads at 4 wpf revealed that pgr
mRNA expression was significantly higher in ovarian than in
testicular tissue. At 8 wpf, when sex differentiation is
completed and pubertal gonad development has started, pgr
mRNA was increased more than 20-fold and showed similar
levels in both sexes (Fig. 4B). High testicular expression levels
were maintained in young adults (12 wpf), whereas ovarian pgr
mRNA levels decreased significantly compared with ovaries at
8 wpf.

In addition, the expression levels of the specific germ cell
transcripts piwil1 (predominantly expressed during the mitotic
and early meiotic germ cell stages [38]) and sycp3l (exclusively
expressed in meiotic cells [39]) were quantified during
zebrafish sex differentiation. The expression pattern of piwil1
mRNA was similar to that observed for pgr mRNA (Fig. 4C).
Gonadal sycp3l mRNA expression showed similarly low levels
in both sexes at 4 wpf (Fig. 4D). At 8 and 12 wpf, sycp3l
mRNA amounts increased significantly in both testes and
ovaries, although the levels measured in testis tissue were ;20-
fold higher than in ovarian tissue (P , 0.01).

Cellular Localization of pgr mRNA Expression
in Zebrafish Testis

Identification of specific cell types expressing the zebrafish
pgr mRNA was accomplished by in situ hybridization using
zebrafish testis cryosections. A strong signal was observed in
Leydig cells in addition to a weaker signal in Sertoli cells (Fig.
5A). No signal was observed when adjacent sections were
hybridized with the sense cRNA pgr probe (Fig. 5A).

Confirmation of the pgr mRNA expression by Sertoli cells
was obtained by qPCR analysis of laser-microdissected
samples (Fig. 5B). The levels of pgr mRNA in the intratubular
fraction were similar to those of the interstitial fraction. Sertoli
cell expression in the intratubular fraction, and somatic cell
expression in general, was further supported by analyzing
pgr mRNA expression in testis samples of sterile piwil1(�/�)

mutants. The pgr mRNA levels in the germ cell-free piwil1(�/�)

testis were similar to those in wild-type testis (Fig. 5C),
demonstrating that pgr mRNA in the intratubular fraction is
associated with Sertoli cells, the only other intratubular cell
type next to germ cells.

Short-Term In Vitro Steroid Secretion by Zebrafish
Testicular Explants

The capacity of zebrafish testis tissue to release DHP when
stimulated by zebrafish gonadotropins or the adenylate cyclase
activator forskolin was evaluated in overnight primary testis
tissue cultures. DHP release under basal conditions as well as
in the presence of low to intermediate concentrations of
recombinant zebrafish gonadotropins was below the detection
limit of the assay (4 pg per 50 ll; Fig. 6). The lowest rec-zfFsh
concentration eliciting a detectable DHP release was 100 ng/
ml, whereas for rec-zfLh, this concentration was 1000 ng/ml
(Fig. 6, A and B). Also, at higher concentrations, rec-zfFsh was
significantly more potent in stimulating DHP release than rec-
zfLh (P , 0.05). The profile of DHP release in the presence of
increasing amounts of forskolin (Fig. 6C) showed a clear dose
dependency, and 0.1 lM forskolin induced the first significant
DHP release response. The DHP release induced by 10 and 25
lM forskolin was not significantly different from that induced
by 1000 ng/ml rec-zfFsh (P . 0.05), and thus can be
considered as the maximum response.

The ability of DHP to stimulate 11-KT release by zebrafish
testicular explants was evaluated to test whether an observation
made in juvenile eel testis [45] also applied to adult zebrafish
testis. Neither the presence of 100 ng/ml DHP nor the presence
of 10 ng/ml 11b-OHT (a steroid precursor of 11-KT) alone
increased the amount of 11-KT released compared with control
(Fig. 7). However, when the testicular explants were incubated
with both DHP and 11b-OHT, 11-KT production increased by
2.5-fold compared with control (P , 0.001), suggesting that
DHP is able to increase 11b-HSD activity.

Effects of RU486 on DHP-Stimulated 11-KT Release

Transactivation of the MMTV promoter via the DHP-
stimulated zebrafish Pgr was inhibited by RU486. The
antagonistic effect of RU486 on Pgr-mediated transactivation
by increasing doses of DHP (10 pM to 1 lM) was reflected in
2- or 10-fold higher concentrations of DHP needed to reach
half-maximal reporter gene activation with DHP in the
presence of 10 lM (EC

50
¼ 14 nM) or 100 lM (EC

50
¼ 60

nM) RU486, respectively, compared with the condition where
no RU486 was included (Fig. 8A). Also, the luciferase activity
induced by DHP (at 1 lM) was inhibited by RU486 (Fig. 8B).
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Although RU486 showed best inhibitory effect at 100 lM,
we found that at this concentration it interfered with androgen
production, whereas 10 lM RU486 did not (data not shown).
Therefore, we used RU486 at 10 lM to test whether the ability
of DHP to stimulate 11-KT production was Pgr dependent. In
the presence of RU486 (10 lM), the testicular 11-KT
production induced by DHP plus 11b-OHT was significantly
decreased (P , 0.01; Fig. 8C), suggesting that DHP increased
11b-HSD activity via a Pgr-dependent mechanism.

DISCUSSION

In the present study, we cloned the ORF of a zebrafish pgr
cDNA, which encodes a protein of 617 amino acids. The N-
terminal domain of the deduced zebrafish Pgr protein displayed
low homology (7%–24%; Supplemental Table S2) with PGRs
from other vertebrate species. In contrast, the DBD (89%–
97%) and LBD (65%–83%) are highly conserved between the
zebrafish Pgr and other PGRs. The highly conserved DBD
contains cysteine residues, constituting the two zinc finger
motifs, as well as the P box (GSCKV) and D box (AGRND)
sequences, which are important regions for the recognition of
target gene sequences that are all conserved in the zebrafish
Pgr. A proline-rich motif in the N-terminal domain of the
human PGR, responsible for the interaction with the c-Src
family of tyrosine kinases [46], was not found in the zebrafish
Pgr, so a Pgr-mediated Mos/MAPK activation may not occur in
zebrafish.

The result of our comparative analysis of Pgr amino acid
sequences was congruent with the phylogenetic relationships
among the major vertebrate clades [47]. The zebrafish Pgr
formed a clade with other piscine Pgr proteins, whereas
amphibian, reptilian, and avian Pgr proteins, on the one hand,
and mammalian PGRs, on the other, formed two separate
clades. Our phylogenetic analysis is in accordance with the
phylogenetic trees produced by other authors [48] prior to the
characterization of the zebrafish Pgr.

Two isoforms (forms A and B) encoded by the same gene
but originating from different translational initiation at two in-
phase ATG codons have been reported for chicken and human
progesterone receptor homologues [49, 50]. In Japanese eel,
Anguilla japonica, two distinct pgr genes have been reported
[51, 52]. However, experimental trials to isolate additional pgr
cDNAs or in silico approaches (e.g., searches of the D. rerio
ENSEMBL database [version 44.6e]; data not shown) to
identify related sequences did not provide evidence for the
existence of additional pgr-like genes or mRNA isoforms from
one gene in zebrafish.

We demonstrated that zebrafish Pgr is able to transactivate
target genes in a progesterone-dependent manner. In the
presence of DHP, zebrafish Pgr activated the transcription of
a luciferase gene under control of the progesterone-regulated
MMTV-LTR promoter [53]. Moreover, transactivation was
progesterone specific, and DHP was the most effective steroid
(EC

50
¼ 8 nM). In mammals and chicken, P4 is considered to

be a ligand for their PGRs. However, in teleost fish, DHP and/
or 20b-S (the latter mainly for marine species) are the major
progestins [54–56], and P4 is an intermediate in the synthesis
of these steroids [57]. Our experiments showed that zebrafish
testis tissue produced DHP in response to gonadotropic
stimulation (see below). Although no information is available
on DHP plasma levels in zebrafish, 3–8 nM DHP was
measured in blood plasma samples of spawning males in
closely related fish species [58, 59]. Taken together, these
results support the view that DHP is the native ligand for the
zebrafish Pgr.

In adult zebrafish, pgr mRNA is expressed predominantly in
testis but is detectable at low levels in other tissues, although it
has a less broad expression pattern than the zebrafish androgen
[35] or estrogen receptor [60] mRNAs. In mammals, PGRs
were detected in uterus, ovary, vagina, testis, breast, brain,
vascular endothelium, thymus, pancreatic islet, osteoblastlike
cells, and lung [61]. In nonmammalian species, PGRs were
also detected in testis and oviduct of chicken [49, 62] or
oviduct and liver of turtle [63, 64]. In Japanese eel, pgr2
mRNA was detected in gill, spleen, testis, brain, and ovary,
whereas pgr1 mRNA was observed in kidney, spleen, liver,
and testis [52]. In a frog species, pgr mRNA has a broad
expression pattern [65].

In zebrafish embryos, the pgr mRNA cannot be detected at
0, 2, and 4 hpf; pgr mRNA is first detected at 8 hpf, and then
pgr mRNA levels increase at 24 hpf. This shows that in
zebrafish, pgr mRNA is not maternally deposited in oocytes,
but shows zygotic expression and may have a role during late
embryonic development. In the mouse, there is little expression
of Pgr mRNA until the blastocyst stage [66], and Pgr
expression is not essential for embryonic viability [67].

During zebrafish gonad development, all individuals first
develop an ovary containing oogonia and oocytes [25]. At
approximately 3 wpf, this initial ovary either develops further
into a mature ovary or starts transforming into a testis. At 4
wpf, the ovary contains numerous oocytes, whereas testes
develop into three different types [37]. In this experiment, type
I testes were used (i.e., threadlike gonads with low intensity of
EGFP fluorescence) to represent males at 4 wpf [37]. Our
results revealed that pgr and piwil1 mRNA levels were higher
in the developing ovary than in type I testis, whereas the
meiosis marker sycp3l was found at similar levels in both
sexes. Because germ cell proliferation starts earlier in females
[25], and because Piwil1 protein is expressed in oogonia and
early oocytes [38], the higher germ cell number in females may
explain the higher level of both piwil1 and sycp3l in ovaries,
whereas the detection of sycp3l mRNA in testes may reflect the
presence of residual, perhaps degenerating, oocytes in the
transforming testis (spermatocytes are still absent). At 8 wpf,
the pgr mRNA levels had increased significantly in both sexes,
whereas the difference between sexes disappeared. At this age,
meiosis had started in males [25]. Miura et al. [13] showed that
a function for DHP in male eel is to stimulate entry of germ
cells into meiosis. In Japanese eel [52] and chicken [62], pgr
mRNA levels were also higher in testes of mature than of
immature animals. We therefore speculate that first reaching (8
wpf) and then surpassing (12 wpf) female pgr mRNA
expression levels may reflect the entry of numerous germ cells
into meiosis in the maturing testis; after all, there are many
more spermatocytes than oocytes in (young) adult gonads. In
ovarian tissue, however, pgr mRNA levels decreased signif-
icantly when the females developed toward young adults. This
may be based on a dilution effect, because ovarian tissue mass
increased considerably in context with increases in oocyte
growth due to vitellogenesis from 8 to 12 wpf, which is
associated with stockpiling large amounts of maternal mRNAs
in the oocytes [68], not including pgr mRNA, as we have
shown in the present study.

We have no information on circulating DHP levels during
gonad development in zebrafish, whereas respective data are
available from larger fish species. In male Japanese huchen,
plasma DHP levels increased above the detection limit with the
appearance of meiotic cells in the testis [8]. In rainbow trout, a
similar observation was made by Scott and Sumpter [7].
Dépéche and Sire [9] reported that rainbow trout testis tissue
showed three periods of DHP production from 17a(OH)P4: in
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immature fish before the start of rapid spermatogonial
proliferation, during the entry into meiosis, and in fully
mature, spawning fish. Taken together, our data suggest that
gonadal pgr mRNA expression patterns in zebrafish may be
functionally related to the entry into meiosis, as has been
demonstrated previously for Japanese eel [13]. The early
presence of pgr mRNA levels in zebrafish testis and DHP
production in immature rainbow trout males might indicate that
additional functions are fulfilled during the initial stages of
spermatogenesis, whereas there is already information avail-
able on the role for DHP during final maturation stages (e.g.,
composition of seminal fluid [10–12] and reproductive
behavior [14, 15]).

In boar testes, the PGR protein locates to type A and B
spermatogonia [69], to primary spermatocytes and spermatids
in rat [70], and to fully mature spermatozoa in dog [71]. In eel,
pgr1 mRNA was expressed in germ cells, Sertoli cells, and
interstitial cells of testis, whereas pgr2 mRNA was detected
only in germ cells [13]. Human testicular PGR expression was
found in some but not all germ cell types, in Sertoli cells, and
in Leydig cells in one study [72], whereas a much more
restricted distribution to peritubular cells and to Leydig cells
was reported in a study using four different antibodies and
examining human and nonhuman primate testes [73]. In the
present study, we found a strong in situ hybridization signal in
the cytoplasm of Leydig cells and a weak staining in Sertoli
cells. However, we found no evidence for pgr mRNA
expression in germ cells, so DHP effects on germ cells
development are likely to be mediated by testicular somatic
cells.

We have demonstrated that zebrafish testis tissue produced
DHP in vitro when exposed to relatively high concentrations of
rec-zfFsh, rec-zfLh, or forskolin. In the steroidogenic pathways
leading to androgens or DHP, 17a(OH)P4 holds a central
position as substrate for both 20b-hydroxysteroid dehydroge-
nase (catalyzing DHP production) and Cyp17a1 (catalyzing
androgen production), whereas the production of 17a(OH)P4
depends on the StAR-mediated, gonadotropin-dependent
conversion of cholesterol to pregnenolone in the mitochondria.
In salmonids and eel, it has been suggested that gonadotropin
stimulates the testicular somatic cells to produce DHP
precursor, probably 17a(OH)P4, which is then converted to
DHP via the 20b-HSD activity of spermatozoa [12, 57].
However, 20b-HSD activity is also present in immature
rainbow trout testis when spermatozoa are still absent [74].
Ongoing work in our laboratory indicates that a significant
stimulation of androgen release occurs already at 4- to 8-fold
lower gonadotropin concentrations than an increase of DHP
release (Garcı́a-López and Schulz, unpublished data). These
results are compatible with the model that strong gonadotropic
stimulation, and hence high levels of the precursor 17a(OH)P4,
is required to allow DHP production, whereas moderate
gonadotropic stimulation would mainly result in androgen
production.

In juvenile eel testis, DHP increases 11b-HSD activity, the
enzyme catalyzing the final step in the production of the main
androgen in fish, 11-KT [45]. Our results suggest that this
stimulation occurs via a Prg-dependent manner also in adult
zebrafish testis. On the other hand, androgens were shown to
stimulate DHP production in Japanese eel [13] and to
downregulate Cyp17a activity in Japanese eel [13] and African
catfish [75]. In the latter species, this downregulation depended
on the type of androgen and the stage of maturity; although
testosterone shows downregulatory effects in both immature
and mature fish, 11-KT was only active in immature fish [76].
This leads to a model in which androgen and progesterone

production exert mutual control of their biosynthesis, provided
that gonadotropic stimulation is sufficiently strong, possibly
leading to a phased oscillation of DHP and androgen
production.

In conclusion, we identified a progesterone receptor cDNA
exhibiting nuclear hormone receptor features from zebrafish
testis. The zebrafish progesterone receptor is expressed by
Leydig and Sertoli cells, is best activated by its natural ligand
(DHP), which is produced under strong gonadotropin stimu-
lation, and may regulate germ cell differentiation (e.g., meiosis)
and steroidogenesis.
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