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thalamic projections from the cortex (32, 41). We hypothesized
that DHEA, a steroid product of P450c17, may be an endogenous signal in the subplate to target axons coming from this
region to specific sites in the developing cortex and showed
that DHEA increased axonal outgrowth while DHEA-sulfate
(DHEAS) increased dendritic growth (13). DHEA, but not
DHEAS, induced other morphological indices of synaptic contacts, increased mRNAs for Tau-1 and type 1 and 2 dopamine
receptors (14), mediated increases in intracellular calcium via
N-methyl-D-aspartic acid receptors (13), protected hippocampal neurons from glutamate toxicity (27), and stimulated neurogenesis in the hippocampus (26). Thus, DHEA may serve as
an endogenous neurotrophic agent. However, all these studies
have been performed with cultured neuronal cells derived
from specific regions of the nervous system at particular times
in development. Thus, we sought to determine the function of
DHEA and DHEAS in vivo during the development of the
nervous system by deleting the gene encoding P450c17 in genetargeted mice.

The synthesis of steroid hormones in the adrenals, gonads,
placenta, and brain requires the expression of several steroidogenic enzymes. In all tissues, steroidogenesis is initiated by
conversion of cholesterol to pregnenolone by the mitochondrial cholesterol side chain cleavage enzyme, P450scc. Thereafter, the specific steroid that is synthesized by a particular
tissue depends upon the differential expression of additional
steroidogenic enzymes. The conversion of pregnenolone and
progesterone to their 17␣-hydroxylated products and then to
either dehydroepiandrosterone (DHEA) or androstenedione,
respectively, is mediated by a single microsomal enzyme,
P450c17 (33, 34, 48), encoded by a single gene (22, 39). The
pattern of P450c17 expression in steroidogenic tissues is species specific: it is expressed in the human adrenal and gonad
but not placenta (9, 11, 15, 44), and it is expressed in the rodent
gonad and placenta but not adrenal (19, 23, 25).
P450c17 is also expressed in the fetal mouse brain beginning
at embryonic day 9.5 (E9.5) (12). At this time, P450c17 is
found in cells migrating from the neural crest, and subsequently, P450c17 is found in many cells derived from the neural crest. P450c17 is also expressed in the neocortical subplate,
a region that receives thalamic projections, produces signals
for cortical projections, and may produce signals for efferent

MATERIALS AND METHODS
Creation of targeting vector. P450c17 genomic DNA was isolated from a
129/SvJ mouse genomic library (Stratagene, La Jolla, Calif.) with the use of exons
2 to 4 of rat P40c17 cDNA as a probe (30). The 12.5-kb genomic fragment
contained ⬃4 kb of 5⬘-flanking DNA and extended to the middle of exon 8. The
targeting vector was constructed by cloning a 1.8-kb phosphoglycerate kinase
(PGK) Neo cassette (43) into the EcoRI/HindIII site of pBluescript SK (Stratagene). The 3⬘ end of the targeting construct consisted of a 2-kb mouse P450c17
fragment, generated by digesting the P450c17 genomic clone with AvaI/SstI and
blunting the ends with deoxynucleoside triphosphates and DNA polymerase.
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Dehydroepiandrosterone (DHEA), a 19-carbon precursor of sex steroids, is abundantly produced in the
human but not the mouse adrenal. However, mice produce DHEA and DHEA-sulfate (DHEAS) in the fetal
brain. DHEA stimulates axonal growth from specific populations of mouse neocortical neurons in vitro, while
DHEAS stimulates dendritic growth from those cells. The synthesis of DHEA and sex steroids, but not mouse
glucocorticoids and mineralocorticoids, requires P450c17, which catalyzes both 17␣-hydroxylase and 17,20lyase activities. We hypothesized that P450c17-knockout mice would have disordered sex steroid synthesis and
disordered brain DHEA production and thus provide phenotypic clues about the functions of DHEA in mouse
brain development. We deleted the mouse P450c17 gene in 127/SvJ mice and obtained several lines of mice from
two lines of targeted embryonic stem cells. Heterozygotes were phenotypically and reproductively normal, but
in all mouse lines, P450c17ⴚ/ⴚ zygotes died by embryonic day 7, prior to gastrulation. The cause of this early
lethality is unknown, as there is no known function of fetal steroids at embryonic day 7. Immunocytochemistry
identified P450c17 in embryonic endoderm in E7 wild-type and heterozygous embryos, but its function in these
cells is unknown. Enzyme assays of wild-type embryos showed a rapid rise in 17-hydroxylase activity between
E6 and E7 and the presence of C17,20-lyase activity at E7. Treatment of pregnant females with subcutaneous
pellets releasing DHEA or 17-OH pregnenolone at a constant rate failed to rescue P450c17ⴚ/ⴚ fetuses.
Treatment of normal pregnant females with pellets releasing pregnenolone or progesterone did not cause fetal
demise. These data suggest that steroid products of P450c17 have heretofore-unknown essential functions in
early embryonic mouse development.
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This 2-kb mouse P450c17 DNA fragment, from intron 6 through exon 8, was
cloned into the HincII site of the PGK Neo pKS construct. The 5⬘ end of the
targeting construct consisted of a 1.5-kb DNA fragment of mouse P450c17, from
exon 3 to exon 5, generated by digestion of the mouse P450c17 clone with BamHI
and blunted with deoxynucleoside triphosphates and DNA polymerase. This
fragment was cloned into the PGK Neo-3⬘c17 plasmid and digested with Ecl136II
to generate blunt ends (Fig. 1).
Analysis of transfected mouse ES cells. The targeting vector was linearized
with XhoI and electroporated into mouse JM-1 embryonic stem (ES) cells, and
mutant ES cell clones were selected in medium containing G418 (200 to 250
g/ml). DNA from ES cells and from mouse tails was genotyped by Southern
blotting (Fig. 1) or PCR assays. For Southern blots, genomic DNA was digested
with EcoRI and analyzed with an 1,142-bp PstI/PstI probe from intron 1 of the
P450c17 gene (Fig. 1). The PCR assay for the P450c17-knockout mutation used
primer 1, 5⬘ GAATCTCTCTCCAGCCTG 3⬘, and primer 3, 5⬘ CTTGTGTAG
CGCCAAGTG 3⬘, which amplify a 270-bp fragment of P450c17 exon 5 into the
PGK Neo transgene (Fig. 1). The PCR assay for the wild-type P450c17 gene used
primer 1 from P450c17 exon 5 and primer 2, 5⬘ CGGTGTTCGACTGAAGCC

3⬘, from P450c17 exon 6, which amplify a 490-bp fragment. The PCR conditions
were 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, and
68°C for 30 s.
Analysis of gene-targeted mice. Positive ES cell lines 171 and 182 were used to
create chimeras by blastocyst injection. Chimeras were mated to wild-type
C57BL/6 mice, and the F1 and F2 generations were obtained by crossing heterozygotes. All genotyping was done by Southern blot analysis.
Laser catapult microdissection. Sections were stained with hematoxylin-eosin
and used to collect embryonic tissue at E7 and E8 by laser catapult microdissection (18). After staining, sections were dehydrated in graded ethanol (95%
twice for 5 min each and 100% three times for 5 min each) and cleared in xylene
(three times for 5 min each). After air drying for 15 min, laser catapult microdissection was performed under direct microscopic visualization of the embryonic tissue by catapulting selected regions onto a microcentrifuge cap containing
mineral oil. To ensure that no maternal tissue was collected, tissue surrounding
the embryo was first removed by the laser, and then the remaining embryonic
tissue was collected. The P.A.L.M. MicroLaser MicroBeam (P.A.L.M. Microlaser Technologies AG) was set to the following parameters: 15-m laser spot size,
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FIG. 1. Targeted disruption of the P450c17 gene. (A) Partial restriction endonuclease map of the murine P450c17 genomic locus showing the
locations of the probe used in cloning the genomic fragment and the approximate positions of primers 1 and 2. Restriction endonuclease sites: E,
EcoRI; B, BamHI; A, AvaI; S, SacI. (B) P450c17 targeting vector containing the neomycin resistance (NEO) gene under the control of the PGK
promoter. (C) Structure of the recombinant P450c17 mutant allele, showing the location of primer 3. (D) Southern blot of DNA prepared from
the offspring of a P450c17⫹/⫺ ⫻ P450c17⫹/⫺ mating. DNA was digested with EcoRI and hybridized to the radiolabeled P450c17 genomic probe
shown in panel A. The positions of the wild-type (WT; 10-kb) and targeted (knockout [KO]; 6.5-kb) alleles are indicated with arrows.
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RESULTS
Creation of gene-targeted mice. A targeting vector encompassing a 3.7-kb BamHI/SstI segment of the mouse P450c17
gene extending from exon 3 to exon 8 (Fig. 1A) was built with
a 1.8-kb PGK Neo cassette and substituted for a 0.5-kb fragment encompassing part of exon 5 and all of exon 6 (Fig. 1B).
The “Ozols peptide” (36) comprises amino acids 346 to 366 in
exon 6 (39) and contains amino acids crucial for redox partner
binding (5, 10, 21), so that its deletion will destroy all activity.
ES cells from 129/SvJ mice were electroporated with the
P450c17 targeting vector and selected by growth in medium
containing G418. Neomycin-resistant cell lines were assayed
for chromosomal integration of the mutated P450c17 gene by
Southern blotting, with use of the probe from intron 1 of the
P450c17 gene, which lies outside the targeting vector (Fig. 1).
Insertion of the PGK Neo cassette inserts a normal EcoRI site,
so that the probe detects a 6.5-kb EcoRI fragment in recombinants but a 10-kb fragment in the wild type (Fig. 1C).
Two of five cell lines that contained the mutated P450c17
gene were used for injection into day 4 blastocysts (Table 1),
generating 16 chimeric mice. Chimeras were mated to
C57BL/6 mice, and over half of the offspring were heterozygous for the P450c17-knockout allele, as indicated by coat
color and confirmed by Southern blotting. Of the original 16
chimeric mice, 6 had germ line transmission of the mutated
P450c17 allele. All of those mouse lines were mated to
C57BL/6 mice to obtain mutant offspring. Heterozygous
P450c17⫹/⫺ mice were phenotypically normal and fertile.
These mice were bred to C57BL/6 mice to produce heterozygotes that were mated to generate homozygous P450c17⫺/⫺

TABLE 1. Genotypes of embryos from P450c17⫹/⫺ ⫻
P450c17⫹/⫺ matings
No. of embryos
Type

Chimera
Chimera ⫻ WTa
F1 (⫹/⫺ ⫻ ⫹/⫺)
F2 (⫹/⫺ ⫻ ⫹/⫺)
E11.5 embryo
a

ES cell line 182

ES cell line 171

Total

⫹/⫹

⫹/⫺

⫺/⫺

Total

⫹/⫹

⫹/⫺

⫺/⫺

4
45
85
65
76

23
45
27
46

22
40
38
30

0
0
0
0

2
32
11
21
19

11
5
5
8

21
6
16
11

0
0
0
0

WT, wild type.

mice. We analyzed 182 offspring from two original chimeric
mice, derived from two different ES cell lines (Table 1). Southern blotting identified 100 of 182 (55%) heterozygous
(P450c17⫹/⫺) and 82 of 182 (45%) homozygous wild-type
(P450c17⫹/⫹) offspring, but no homozygous P450c17⫺/⫺ liveborn offspring were obtained. No mice had difficulty in early
postnatal days, and none were lost to early death. As we obtained no mice that contained two copies of the P450c17knockout allele, we postulated that the P450c17⫺/⫺ mice experienced embryonic lethality.
To determine the time of embryonic death, timed pregnant
mice were killed at E11.5, embryos were removed, and embryonic DNA was analyzed by Southern blotting. Of 95 embryos
analyzed, 54 were wild type and 41 were heterozygous for the
P450c17-knockout transgene, but no P450c17⫺/⫺ embryos
were identified (Table 1). Thus, P450c17⫺/⫺ embryos appeared
to die before E11.5. To rule out the possibility that no zygotes
were formed, we performed timed matings on superovulated
mice and obtained E4.5 blastocysts. Analysis of 19 blastocysts
by PCR demonstrated the presence of two P450c17⫺/⫺ zygotes. While this number of knockout blastocysts was less than
the 25% expected, only two wild-type blastocysts were identified as well. These low numbers may have been due to maternal uterine tissue contamination of the blastocyst DNA, which
would have resulted in the PCR genotyping of the blastocyst as
heterozygous. Thus, it appears that P450c17⫺/⫺ blastocysts are
formed, and therefore, the P450c17⫺/⫺ embryos appeared to
die somewhere between E4.5 and E11.5.
Expression of P450c17 in the E7 embryo. There is no established role for P450c17 in the early embryo, and human fetuses
harboring null mutations in both P450c17 alleles are not embryonic lethal. Male infants with complete P450c17 deficiency
lack embryonic androgen synthesis and are born with female
external genitalia and absent Wolffian duct structures and
prostate differentiation. Male and female affected infants lack
cortisol production and are hypertensive. To determine the
location of P450c17 expression during early embryonic development in wild-type mice, we performed timed matings of
superovulated female mice, obtained E7.0 embryos, and analyzed these embryos by immunocytochemistry with an antibody
to human P450c17 that readily and specifically detects mouse
P450c17 (12). P450c17 was detected in the embryonic
endoderm of E7.0 embryos (Fig. 2). Thus, P450c17 protein is
expressed early in normal mouse embryogenesis.
Analysis of P450c17 enzymatic activity in E7 embryos. To
determine whether the immunostainable P450c17 was enzymo-
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40-mW power, and 3.0-ms duration. The catapulted cells were dissolved immediately in buffer containing 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-Cl (pH 8.5),
0.01% gelatin, 0.45% NP-40, 0.45% Tween 20, and 100 g of proteinase K/ml
and digested at 55°C for 4 h, and proteinase K was inactivated at 95°C for 5 min.
PCR analysis of genomic DNA. Genomic DNA obtained from laser catapult
microdissection was analyzed by 40 cycles of PCR, with the use of primer 1 and
primer 2 to identify the wild-type allele and primer 1 and primer 3 to identify the
knockout allele, as described for analysis of ES cell DNA. The amplified DNA
fragment from the knockout allele (270 bp) and the amplified DNA fragment
from the wild-type allele (490 bp) were distinguished by agarose gel electrophoresis.
Immunocytochemistry. Embryos from timed matings were removed from the
uteri and fixed in their surrounding decidua in 4% paraformaldehyde in phosphate-buffered saline. Fixed tissues were embedded in paraffin, and 4-m sections were collected onto microscope slides. Slides that contained embryonic
tissue were identified by hematoxylin-eosin staining, the adjacent sections were
immunostained using antibodies (1:3,000 dilution) to human P450c17 (28), and
the corresponding mouse proteins were detected by indirect immunofluorescence, with secondary antibodies coupled to fluorescein isothiocyanate.
P450c17 enzyme activity. P450c17 enzyme activity was assessed as described
previously (4) in embryos obtained from timed heterozygous matings. Pregnant
mice were killed, and embryos (E7) were removed from the surrounding deciduae by using a dissecting microscope, or the deciduae containing E6 embryos
were used directly without further dissection. Deciduae were also used in control
incubations. Tissue was sonicated in 50 mM potassium phosphate buffer, pH 7.4,
and was used directly. Reaction mixtures contained either [14C]pregnenolone
(New England Nuclear Perkin-Elmer, Boston, Mass.) or 17-OH-[3H]progesterone (American Radiolabeled Chemicals, Inc., St. Louis, Mo.), 1 mM NADPH,
and 1 M cyanoketone to inhibit 3␤-hydroxysteroid dehydrogenase activity or
0.1 M finasteride to inhibit 5␣-reductase activity. Tissue was incubated at 37°C
for 1 to 4 h, extracted with 2 volumes of isooctane-ethylacetate (1:1, vol/vol), and
applied to a silica gel thin-layer chromatography plate. Steroids were separated
in a CHCl3-ethyl acetate (3:1, vol/vol) solvent, and plates were air dried and
placed under a phosphorimager screen.
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logically active and hence had incorporated heme and had
access to P450 oxidoreductase, we analyzed wild-type embryos
for P450c17 enzymatic activity. Deciduae or embryos from
timed matings of normal female mice were incubated with
[14C]pregnenolone for 60 to 240 min, and steroidal products
were analyzed by thin-layer chromatography (Fig. 3A). Conversion of pregnenolone to 17-OH pregnenolone was barely
detectable in wild-type E6 embryos but was substantial in wildtype E7 embryos. Thus, embryos express functional P450c17
protein at very early developmental stages, and P450c17 activity increases dramatically between E6 and E7.
Deciduae or embryos were also incubated with 17-OH[3H]progesterone for 1 and 3 h, and steroidal products were
analyzed by thin-layer chromatography (Fig. 3B). Conversion
of 17-OH progesterone to androstenedione could be seen in
E7 embryos by 1 h. C17,20-lyase activity was not seen when
decidual tissue from the same pregnancy was used. Other
products were seen in incubations from E7 embryos that were
not present in incubations with ovarian microsomal preparations, but these products were not identified.
Analysis of mutant E7 embryos. Analysis of six embryos
from one mating of P450c17⫹/⫺ mice yielded two embryos
lacking P450c17 immunostaining, suggesting that those embryos were P450c17⫺/⫺. Other embryos had the expected

P450c17 immunostaining in the embryonic endoderm. To verify the putative P450c17 genotype inferred from immunostaining, we performed laser catapult microdissection. We collected
embryonic tissues from the immunostained sections, analyzed
their genotype by PCR, and confirmed that those embryos
lacking immunodetectable P450c17 protein were P450c17⫺/⫺
(Fig. 4). Embryos that were immunopositive for P450c17 were
either P450c17⫹/⫺ or wild type.
Analysis of E8 embryos. To determine the time of demise of
P450c17⫺/⫺ embryos, we analyzed E8 embryos derived from
P450c17⫹/⫺ heterozygous matings. Deciduae containing individual embryos were fixed in paraffin and sectioned. Embryonic tissue devoid of maternal tissue was collected by laser
catapult microdissection and genotyped by PCR. From 29 E8
embryos analyzed, we obtained 21 heterozygous embryos
(72.4%) and 8 homozygous wild-type embryos (27.6%). No
P450c17⫺/⫺ embryos were detected. Thus, the P450c17 knockout is early embryonic lethal, with embryos dying at about E7.
Steroid rescue. Because P450c17⫺/⫺ mice die at about E7,
and because the only known role for P450c17 in the rodent is
to produce C19 steroids, we attempted to rescue the
P450c17⫺/⫺ embryos by providing their mothers with the C19
steroid DHEA or androstenedione. Administration of 0.1 mM
DHEA or androstenedione in the drinking water of heterozy-
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FIG. 2. Expression of the P450c17 gene in the postimplantation mouse embryo. Histological and immunocytochemical analyses were performed
on E7.0 mouse embryos. (A and C) Hematoxylin- and eosin-stained sections through two E7 embryos. (B and D) Immunocytochemical analysis
of the sections with an antibody to human P450c17. RBC, red blood cells.
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gous pregnant mice failed to produce any live-born mice that
had the knockout genotype. Drinking is intermittent, and
DHEA is highly soluble, suggesting a short circulating half-life;
hence, we also provided a constant delivery of DHEA by implanting timed-release pellets of DHEA under the skin of
timed pregnant heterozygous mice at E4.5 or E3.5. Embryos
were analyzed at E9.5 to E11.5 to determine if the DHEA
supplementation had rescued any P450c17⫺/⫺ embryos for 2 to
4 days past their usual time of demise at E7. We used various
doses of DHEA in timed-release pellets and analyzed the embryos by Southern blotting or PCR. No dose of DHEA tested
was able to rescue P450c17⫺/⫺ mice at E11 (Table 2). As it was
not clear initially if wild-type E7 embryos exhibited the 17,20lyase activity of P450c17 in addition to the 17␣-hydroxylase
activity, we attempted to rescue knockout mice by implanting
pellets containing 17-OH pregnenolone at E4.5 and analyzed

embryos at E9.5 to E11.5 as before. Analysis of 18 embryos
from pregnant dams treated with 2.5 mg of 17-OH pregnenolone per 21-day release pellet and 10 embryos from pregnant dams treated with 5.0 mg of 17-OH pregnenolone per
21-day release pellet detected no P450c17⫺/⫺ mice (Table 2).
Thus, maternally administered DHEA, androstenedione, and
17-OH pregnenolone could not rescue the lethal P450c17⫺/⫺
phenotype.
To determine if potential accumulation of steroids that are
substrates for P450c17 contributed to the embryonic death of
P450c17⫺/⫺ mice, we implanted high doses of pregnenolone or
progesterone (5 mg of steroid/21-day release pellet) into pregnant wild-type C57BL/6 mice at day 4.5 of pregnancy and
analyzed embryo number and morphology at E11. Mice
treated with either pregnenolone or progesterone had normalsize litters at E11 (eight ⫾ two embryos/litter in both steroid-
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FIG. 3. P450c17 enzyme activities in mouse embryos. (A) 17␣-Hydroxylase activity. E7 embryos from timed pregnancies were removed from
the deciduae, or entire E5-E6 decidual tissues containing embryos were incubated with [14C]pregnenolone, NADPH, and cyanoketone for 1, 2, and
4 h, and the resulting steroids were analyzed by thin-layer chromatography and phosphorimaging in comparison to the migration of known
standards. DHP, dihydroprogesterone. (B) C17,20-lyase activity. E7 embryos (n ⫽ 10) from timed pregnancies were removed from the decidua and
incubated with 17-OH-[3H]progesterone, NADPH, and finasteride for 1 and 3 h. Rat ovarian microsomal protein (Ov; 25 g) and E7 decidual
homogenate (Decid; 25 g of protein) were used as controls. The resulting steroids were analyzed by thin-layer chromatography and phosphorimaging in comparison to the migration of known standards.
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treated mice versus eight ⫾ one embryos/litter in untreated or
placebo-treated mice) that appeared to be identical in morphology to those of untreated or placebo-treated mice. Thus,
the cause of P450c17⫺/⫺ embryonic death does not appear to
be due to the toxicity of pregnenolone or progesterone that
may accumulate in P450c17⫺/⫺ embryos.
DISCUSSION
We created P450c17 gene-knockout mice to study the function of DHEA and DHEAS in the developing rodent nervous
system. However, we unexpectedly found that P450c17 is expressed and is catalytically active in the early embryonic
endoderm, a site not previously known to express steroidoTABLE 2. Steroid rescue of P450c17⫺/⫺ embryosa
Steroid

DHEA

17-OH-pregnenolone
a

Dose (mg/
21-day
release)

Gestational
day at pellet
implantation

2.5
0.025
0.025
0.001
0.01
0.025
2.5
2.5
5

E3.5
E3.5
E5.5
E4.5
E4.5
E4.5
E4.5
E4.5
E4.5

Result

23
10
17
18
17
18
10

All mice carrying embryos were sacrificed at day E11.5.

No⫺/⫺
No⫺/⫺
embryos; no⫺/⫺
embryos; no⫺/⫺
embryos; no⫺/⫺
embryos; no⫺/⫺
embryos; no⫺/⫺
embryos; no⫺/⫺
embryos; no⫺/⫺

genic enzymes, and we found that mice lacking P450c17 die by
E7. The embryonic lethality was not due to inadvertent deletion of another gene overlapping the P450c17 locus. Analysis
of the mouse genome database indicates that no other genes
are located within at least 500 kb of the mouse P450c17 gene.
Steroid hormones are essential for reproduction and for the
maintenance of pregnancy, but the sources and roles of these
hormones vary dramatically among various mammalian species. Estrogen and progesterone are necessary to establish and
sustain pregnancy in mammals (1, 31, 42). Steroid synthesis in
pregnancy involves the maternal ovarian corpus luteum, the
placenta, and, in some species, the fetus as well. Progesterone
is required to suppress uterine contractility and maintain pregnancy (20, 29, 38, 40). In human beings, a luteal-placental shift
occurs by the end of the first trimester, and the maternal ovary
is no longer necessary after this time (42). In rabbits, no fetal
or placental steroidogenesis is needed, as spontaneously occurring knockouts of the gene for P450scc develop normally,
survive to term, and die shortly thereafter from adrenal insufficiency (37, 46). In rodents, both maternal ovarian and fetal
placental steroidogenesis were thought to be necessary
throughout pregnancy (reviewed in reference 8). However,
mouse fetal steroidogenesis appears not to be necessary, as
P450scc⫺/⫺-knockout mice survive to term like the rabbit and
die shortly thereafter from adrenal insufficiency (24). We also
found that P450scc is expressed in the embryo at E7, in the
same region as P450c17 (data not shown). Therefore, if the
mouse embryo normally expresses P450scc, and if embryonic
and placental P450scc activities are indeed necessary for main-

Downloaded from http://mcb.asm.org/ on May 7, 2021 by guest

FIG. 4. Laser catapult microdissection of mouse embryo sections. Embryos from timed pregnancies were fixed, sectioned, and analyzed for
P450c17 expression by immunocytochemistry (left panels). Embryos that were not immunostained (indicated by white arrowheads), as well as
control embryos that were positively immunostained (indicated by white arrowheads), were counterstained with hematoxylin and eosin and
collected by laser catapult microdissection (middle panels). Black arrowheads indicate the laser cut outline that was made to ensure that no
maternal tissue was collected. DNA was prepared from the tissue and analyzed by PCR amplification (right panels). The size of the wild-type (WT)
allele DNA fragment is 500 bp, and the size of the knockout (KO) allele DNA fragment is 270 bp. M, markers.
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GATA4⫺/⫺, lim1⫺/⫺, Otx2⫺/⫺, and nodal embryos fail to gastrulate and die at about E6 to E7. As P450c17 is expressed and
is enzymatically active in the embryonic endoderm about this
time, its potential steroid products may be additional factors
that play a role in the cell movement in the embryonic
endoderm and in the generation of the anteroposterior axis of
the embryo.
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tenance of pregnancy, it is possible that P450scc⫺/⫺ mice might
be able to survive by using pregnenolone provided by the
mother as the precursor for further steroid hormone production. P450c17 is expressed in several layers of the developing
rodent placenta (47), although it is not expressed in the human
placenta (6). However, the rodent placenta does not produce
C19 steroids before day 11 due to the lack of P450c17 mRNA,
protein, and enzyme activity (19, 45, 47). The P450c17-knockout mice die 4 days before this, at a time when the embryo has
implanted but may not yet be placentally dependent. Thus, it is
unlikely that placental failure due to lack of steroidogenesis is
the cause of fetal demise in P450c17-knockout mice.
In addition to placental expression of steroidogenic enzymes, the mouse uterine decidua also expresses P450scc and
3␤-hydroxysteroid dehydrogenase type VI and produces progesterone (2). These data suggest that, during early phases of
pregnancy, local progesterone synthesis in the maternal decidua and the trophoblast layers surrounding the embryonal
cavity is important for successful implantation and/or maintenance of pregnancy and that local production of progesterone
may act as a local immunosuppressant, preventing rejection of
the fetus. However, while the decidua may produce progesterone, it is a maternal tissue that would not be affected in the
P450c17⫹/⫺ mothers, and no role for decidual steroids produced by P450c17 has been shown. Indirect evidence suggests
that the rabbit, rat, and mouse blastocyst must produce estradiol in order to implant (16, 17). If so, this could explain the
embryonic lethality in P450c17⫺/⫺ mice. However, this mechanism is not generally true for other mammals, and it is not
compatible with the survival of P450aro⫺/⫺ mice to term. Human beings with homozygous defects that destroy all P450c17
protein activity or P450c17 gene expression develop normally
and survive to adulthood, having a phenotype of sexual infantilism; sex reversal in 46, XY genetic males; and relatively mild
disorders of adrenal steroid production (reviewed in reference
3). Thus, the lethal phenotype of P450c17⫺/⫺ mice is unexpected and unprecedented, vividly highlighting the profoundly
different strategies employed by different mammalian orders in
handling the endocrinology of pregnancy and development.
The steroidogenic activity of P450c17 requires two proteins,
P450c17 and its obligatory electron transfer partner cytochrome P450 reductase (Cpr). Cpr⫺/⫺ mice are also embryonic
lethal but not until E9.5 (35), well after the death of
P450c17⫺/⫺ mice. These observations suggest that P450c17
may have another, heretofore unanticipated activity, other
than as a P450 enzyme.
The events occurring in the embryo following implantation
and prior to gastrulation are now being established. After
implantation, the embryo begins to generate an anteroposterior axis. This axis may be formed using cues from the extraembryonic tissues or from the mother. While the location of the
primitive streak and subsequent gastrulation of the embryo is
crucial for the orientation of both the anteroposterior and
dorsoventral axes, signals from the embryonic endoderm prior
to gastrulation have been shown to be important for initiation
of the anteroposterior axis (reviewed in references 6 and 7).
These signals may be initiated by several transcription factors
such as GATA4, Otx2, lim1, HNF-3␤, and Hesx1. Other factors
expressed in the embryonic endoderm at ⬃E6 include goosecoid, nodal, cerberus-related 1, and transforming growth factor ␤.
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