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Abstract

In the course of avian embryo development, estrogen has been indicated to play a key role in gonadal differentiation by the
inhibition of aromatase (P-450arom) that synthesizes estrogen from androgen. Biosynthesis of estrogen requires not only P-
450arom but also other enzymes for a steroidogenic pathway. To elucidate gonadal differentiation, the steroidogenic pathway
should be studied comprehensively in the early developmental stages including that of sex differentiation. Therefore, in the
present study, the expressions of the steroidogenic genes, P-450scc, 3f-HSD, P-450c17, 17B-HSD and P-450arom, were measured
at the developmental stages (days 2-9 of incubation) of chicken embryos by quantitative RT-PCR. Transcripts for all the genes
studied, except for P-450arom were detected in all the developmental stages examined, indicating that mRNAs for the
steroidogenic enzymes required to convert cholesterol to androgens are present in the avian embryo before gonadal
differentiation. In contrast, P-450arom mRNA was detected in female embryos during days 5-9 of incubation but not in male
embryos throughout incubation. The onset of P-450arom gene expression at day 5 coincides with the stage of gonadal
differentiation, corroborating the role of estrogen in the process of gonadal differentiation in chicken. © 2000 Elsevier Science
Ltd. All rights reserved.

1. Introduction named SRY in humans and Sry in mice. In contrast,
in birds, the female is the heterogametic sex (ZW) and
During bird and mammal development, the geno- the male is homogametic (ZZ). Although the W
type of the zygote determines the nature of the gonad, chromosome is presumed to be equivalent to the Y
ovary or testis, which then presumably determine the chromosome, it remains unclear whether or not a
male or female phenotype through secretion of the homologous gene to Sry for sexual differentiation
sex-steroid hormones, estrogen and androgen. In mam- exists.
mals, the male is the heterogametic sex (XY) and the There are observations suggesting that the mechan-

female is homogametic (XX). A gene to initiate male
development was isolated in humans and mice, and
localized on the Y chromosome [1-3]. The gene was

ism of sex-differentiation in birds is different from that
in mammals. For instance, testis grafting to chicken
female embryos on day 3 of incubation resulted in sex
reversal, though those individuals were infertile [4]. In
* Corresponding author. Tel.: +81-298-388-664; fax: +81-298-388- mammals, to the best of our knowledge, such a
674. phenomenon has not yet been reported. As an another
E-mail address: onomura@niai.affrc.go.jp (O. Nomura). example of the difference between avian and mamma-
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lian species, treatment of embryos with an inhibitor of
aromatase (P-450arom), which synthesizes estrogen
from androgen, on days 0, 5 and 7 of incubation
resulted in development of the male-type vent sex
characteristic in almost all genetic females [5]. The
differentiation of testis was observed in some of the
treated genetic females. On the other hand, in mice,
the disruption of a functional P-450arom gene by gene
targeting did not affect ovary differentiation [6].
Observations of the P-450arom inhibitor on chicken
embryos indicated that an early exposure to estrogen
is crucial for the sexual differentiation of the gonad in
avian species, and that P-450arom is a key enzyme in
that process.

Since estrogen synthesis requires not only P-
450arom but also the other steroidogenic enzymes, it is
important to clarify the expression of a steroidogenic
pathway in embryos for elucidation of the roles of sex-
steroids in the gonad. Although various steroids and
steroidogenic enzymes have been measured in avian
embryos [7,8], a quantitative and comprehensive analy-
sis of the expression of the steroidogenic genes in the
course of gonad differentiation in avian embryos has
not yet been reported.

In the present study, we examined the expression of
the genes for five steroidogenic enzymes, i.e. choles-
terol side chain cleavage (P-450scc)[9], 3B-hydroxy-
steroid dehydrogenase (3B-HSD)[10], steroid 17a-
hydroxylase/Cy7_59 lyase (P-450c17)[11], 17B-hydroxy-
steroid dehydrogenase type 1 (17B-HSD)[12] and
aromatase (P-450arom)[13] in male and female chicken
embryos on days 2-9 of incubation using a quantitat-
ive reverse transcriptase-polymerase chain reaction
(RT-PCR) [14]. It was suggested that male and female
embryos had the capacity for androgen synthesis as
early as day 2 of incubation, which is much earlier
than the onset of the differentiation of gonads (days
5-7 of incubation [15-17]). In addition, female
embryos at a stage as early as day 5 were indicated to
be capable of estrogen production by P-450arom,
whereas male embryos appeared to be incapable of es-
trogen production in any stage examined.

2. Materials and methods
2.1. Sexing of chicken embryos

Extra-embryonic membranes were separated from
individual embryos and used for the preparation of
genomic DNA. The genomic DNAs were prepared
with proteinase K/phenol-chloroform treatment, fol-
lowing the procedure described by Maniatis [18]. The
DNAs thus obtained were slot-blotted in duplicate on
a nylon membrane (GeneScreen, NEN, USA), then
hybridized with W chromosome-specific probe DNA.
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Fig. 1. Schematic presentation of quantitative RT-PCR for stoichio-
metric analysis. PCR primers used in this analysis were described in
our previous study [14].

For the probe DNA, a 0.7 kbp fragment of the Xhol-
family derived from the chicken W chromosome [19]
was labeled with digoxigenin using a nonradioactive
DNA Labeling and Detection Kit (Boehringer
Mannheim, Germany). The resulting membrane was
treated, following the instructions of the manufacturer,
to visualize the probe DNA hybridized to DNA slot
blots on the membrane.

2.2. Preparation of total RNA from embryos and
cultured cells for RT-PCR assay

After the sexing of each embryo using extra-embryo-
nic membrane, 10 embryos of the same gender were
pooled to make one sample, and three samples were
prepared for each gender at each developmental stage,
i.e. from days 2 to 9 of incubation. Ten embryos in a
pool were homogenized together in the presence of 4
M guanidinium thiocyanate and subjected to CsCl cen-
trifugation to prepare an RNA sample [18]. For con-
trols in the stoichiometric analysis described below,
RNAs of HeLa cells and MSB-1 cells (a Marek virus-
transformed chicken cell line) [20] were prepared
exactly as noted above. In order to check the degra-
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dation of RNA in the course of RNA preparation, the
RNA samples thus prepared were subjected to
Northern blot analysis using a glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) [21] cDNA fragment
as a probe (data not shown).

2.3. RT-PCR system for the stoichiometric analysis of
gene expression

The RT-PCR system developed in our previous
study [14] was employed to determine the amount of
transcript from genes in RNA samples. The flow of
the system was summarized in Fig. 1. Briefly, reverse
transcription was first performed using a random hex-
amer (Pharmacia Biotech, Uppsala, Sweden) in all the
samples including the controls that contained pre-
determined amounts of respective transcripts (standard
cRNA). The samples were then supplemented with pri-
mer-sets of the respective genes, and subjected to PCR
for appropriate cycles in the presence of dANTP con-
taining [0—P] dCTP (Amersham, Bucks., UK).
Subsequently, the primer-set for amplification of
lamin-C [22] ¢cDNA (derived from the HeLa RNA)
was added to all the samples, which were then sub-
jected to additional PCR under the same conditions as
above. After PCR, the samples were electrophoresed in
polyacrylamide gel, and the radioactivity of PCR pro-
ducts in the gel was determined using a Biolmage ana-
lyzer (BAS 2000; Fuji Film, Tokyo, Japan). For each
gene transcript, the ratios of radioactivity derived from
standard cRNAs to those derived from lamin-C RNA
were plotted against the amount of cRNA in the stan-
dard samples (see Fig. 1). The ratios of experimental
samples were interpolated into the plots of correspond-
ing standard samples to determine the amounts of re-
spective transcripts in the experimental samples.

3. Results

In an earlier study, P-450arom, one of the steroido-
genic enzymes, has been strongly indicated to be
involved in gonad differentiation from the fact that P-
450arom inhibitor interfered with the gonad differen-
tiation in female chicken embryos [5]. This fact further
indicated that steroidogenic enzymes other than P-
450arom were also involved, though no expression of
steroidogenic genes nor any activity of steroidogenic
enzymes have been studied comprehensively in avian
embryos. In our previous study, we developed a sensi-
tive method to measure the level of steroidogenic gene
expression [14]. Therefore, in the present study,
employing this method (Fig. 1), we attempted to detect
the transcripts from the steroidogenic genes in the
early stages of chicken embryonic development.

For the present analysis, we first determined the gen-
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Fig. 2. Slot-blot analysis of embryo sexing using Xhol family
sequence as a probe. Extra-embryonic membranes were separated
from individual embryos and used for preparation of genomic DNA.
Approximately 100 ng of the genomic DNAs prepared as described
in Materials and methods were slot-blotted in duplicate on a nylon
membrane (GeneScreen, NEN, USA), then hybridized with a digoxi-
genin-labeled 0.7-kbp fragment of the Xhol-family specific for
chicken W chromosome [19]. After hybridization, the probe DNA
hybridized to the DNAs on the membrane was visualized using
mouse anti-digoxigenin/alkaline phosphatase-labeled goat anti-mouse
IgG system (non-radioactive DNA labeling and detection Kkit;
Boehringer Mannheim, Germany). The vertical lines show the pos-
itions of DNA blotting; and the brackets denote duplicate of the
samples in the blotting.

der of chicken embryos by slot-blot hybridization
using a fragment of the Xhol family which is specific
for the W chromosome, as a probe. Based on the
results shown in Fig. 2, embryos presenting hybridiz-
ation signals were judged as female; and those present-
ing no signals as male. To make sure that slot-blots
showing no signals contained the same amount of
DNA as those showing signals, the slot-blots were
hybridized with *?P-labeled chicken whole genomic
DNA as a probe. The hybridization revealed that all
the slot-blots contained almost equal amount of DNA,
supporting the above judgement (data not shown).
Then, 10 embryos of the same gender at the same
developmental stage were pooled to make one sample,
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Fig. 3. Polyacrylamide gel electrophoresis of PCR products amphﬁed from mRNAs of human lamin-C and five steroidogenic genes. The radioac-
tivities of PCR products were visualized by BAS2000. Panel A was for the transcript of P-450scc gene; panel B, 3B-HSD gene; panel C, P-450c17
gene; panel D, 178-HSD gene and panel E, P-450arom gene.
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Table 1

The mRNA amounts of five steroidogenic genes in chicken embryos (ND: not detected)

Day of incubation

Quantitation range

(atto mol/ug total RNA) (atto mol)
2 3 4 5 7 8 9
P450scc ¢ 1.14+0.17 0.90+0.30 2.2+0.67 3.9+0.26 7.0+23 15+1.8 25+22 30+6.7 0.05-10
3 1.14+0.058 1.34+0.37 2.34+0.84 44+0.72 10.1+33 152426 20+2.8 19+4.7
38-HSD Q@  41+52 94+2.0 42+1.38 5.5+0091 13+3.6 21+7.3 53428 57422 0.05-10
3 40473 10.8 +£3.8 69+3.3 5.0+0.52 194+0.8 37423 58 +31 45+ 16
P-450c17 ¢ 0.30+0.05 0.24+0.08 042+0.15 0.114+0.02 0.60+0.19 0.87+0.16 14+0.31 3.0+0.38 0.001-10
3 0.3240.02 0214002 0.13+0.02 0.30+0.14 1.14+£0.42 0.62+0.21 0.383+0.04 0.3340.042
178-HSD @ 32+1.2 2.54+0.073 2.34+0.99 2.6 +0.75 25+ 1.1 34+13 424094 56+1.1 0.05-10
3 2340.12 1.94+0.52 2.0+ 0.80 2.74+0.1 24+024 28+14 3.0+0.73 3.34+0.70
P-450arom ¢ ND ND ND 0.007 +£0.003 0.19+0.10 3.14+0.33 89+093 98+043 0.01-5
3 ND ND ND ND ND ND ND ND

and three samples were prepared for each gender at
each developmental stage, i.e. from days 2 to 9 of in-
cubation. All the samples were processed as described
in Materials and methods, to determine the amounts
of transcripts from five steroidogenic genes, i.c. P-
450scc, 3p-HSD, P-450c17, 17B-HSD, and P-450arom,
in the samples. As a control, we first examined
whether or not fragments were produced in the PCR
using the primer-set for human lamin-C cDNA and
using chicken embryo samples as a template. The
examination revealed that no DNA fragments were
produced in the system (data not shown), indicating
that the procedure was capable of measuring the
amounts of each transcript accurately.

The PCR-amplified fragments were electrophoresed,
and the radioactivities of the fragments were detected
by the BAS2000 at positions corresponding to those
from respective transcripts of the genes [14] (Fig. 3),
indicating that those fragments were derived from
those transcripts. The amplified fragments in day 9
samples were eluted from the gel, cloned, and
sequenced to confirm the gene identity. The sequence
analysis demonstrated that they were derived from
transcripts of the respective genes (data not shown).

As shown in Fig. 3 (panels A, B, C and D), all the
steroidogenic genes except P-450arom were expressed
in all stages examined in both male and female
embryos. The P-450arom transcript was detected from
day 5 through day 9 of incubation in females, whereas
no transcript was found in males throughout the incu-
bation period (Fig. 3 panel E). The amounts of tran-
scripts from the respective genes were calculated as
depicted in Fig. 1. When the amount value obtained
was higher than the upper limit of the stoichiometric
range (see Table 1), the sample was diluted to present
a value within that range. In Table 1, the mean value
of three samples of either gender at the same stage is
presented with the standard error as a value of atto
mol per 1 pug of total RNA. For P-450scc gene, the

amount of the transcript increased in the course of in-
cubation with no difference between the sexes. For 3p-
HSD gene, the amount of the transcript decreased
from days 2 to 5 of incubation, then increased after
day 6 with no difference between the sexes. For P-
450c17 gene, the amount of the transcript increased
sharply after day 6 of incubation in female but not in
male embryos. For 17B-HSD gene, the amount of the
transcript appeared to show no significant difference
either in the course of incubation or between the sexes.
No transcript was found for P450arom gene through-
out the incubation period in male embryos, whereas in
female embryos the transcript was first detected on
day 5 of incubation and sharply increased thereafter.

4. Discussion

In the present study, using the quantitative RT-PCR
system developed in our previous study [14], we exam-
ined whether the five steroidogenic genes essential to
sex differentiation were expressed at the stages before
gonadal differentiation during embryonic development
in chicken. The present study first revealed that P-
450scc, 3B-HSD, P-450c17 and 17B-HSD genes were
expressed in male and female embryos as early as day
2 to the end of incubation on day 9. The P-450arom
transcript was found as early as day 5 through day 9
in females, whereas no transcript was found in male
throughout the incubation period. These findings indi-
cate that male and female embryos are capable of
androgen synthesis as carly as day 2 of incubation,
which is much earlier than the onset of the differen-
tiation of gonads (days 5-7 of incubation [15-17]); and
that estrogen production by P-450arom may occur in
female embryos as early as day 5 of incubation but
not in male embryos at any stage examined.

Treatment of chicken embryos with an inhibitor of
P-450arom on days 0, 5 and 7 of incubation resulted
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in development of the male-type vent sex characteristic
in almost all genetic females, revealing that P-450arom
plays a key role in avian gonadal differentiation [5].
Since the morphological differentiation of the gonad
into ovary or testis was shown to begin between days
5 and 7 of incubation [15-17], it was examined in sub-
sequent studies whether P-450arom and esterogen
receptor genes were expressed before the stage of
gonad differentiation [23-25]. Those studies revealed
that expressions of P-450arom and estrogen receptor
genes were detected as early as days 65 and 31 of
chicken embryo incubation, respectively. These find-
ings together with our findings in the present study
provide strong supporting evidence for the fact that
the P-450arom and estrogen play a key role in gonad
differentiation in avian embryo development.

In previous studies [23-26], RT-PCR and in situ hy-
bridization on gonads detected the transcripts from P-
450scc, 3p-HSD, P-450c17 and P-450arom genes at 5—
7 days of incubation in chicken embryos. Although ex-
pression of the genes was first detected in earlier devel-
opmental stages in the present study, the present
observations are essentially consistent with those in the
previous studies. The detection of the gene expressions
at an earlier stage in the present study may be due to
the high detection sensitivity of the method used and/
or to production of the transcripts in the tissues other
than the gonad [14]. Nakabayashi et al. [25] detected
17B-HSD transcript in the ovary but not in the testis
on day 7 of incubation. When this finding is compared
to the amount of 173-HSD transcript detected in the
present study, it may indicate that 178-HSD gene is
expressed in tissues other than the testis [15].

The transcripts from P-450scc, 3B-HSD, P-450c17
and 17B-HSD genes were detected much earlier than
gonadal differentiation, i.e. day 2 of incubation,
though the activities of the gene products have not yet
been confirmed in the early developmental stages.
However, one can infer that these enzymes may play
an additional role in gonadal differentiation during
chicken embryonic development.

In mammals, there are at least seven types of 17f-
HSD with different substrate specificities [27-33], and
17B-HSD type 3 is indicated to be involved in gonadal
differentiation based on its expression site [29]. The
chicken 173-HSD type 1 showing the substrate speci-
ficity as same as that of mammalian type 1 was
reported to express in the chicken ovary on day 7 of
incubation [25 and unpublished data]. In addition, as
pointed out earlier, the mechanism of sex-differen-
tiation in avian species is different from that in mam-
malian. These facts taken together, the data presented
here suggest that the 178-HSD type 1 is involved in
the process of the sex-differentiation. Alternatively, the
hypothetical 17B-HSD type 3 may also be involved in
the process of gonadal differentiation in chicken.
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