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The platelet-derived growth factor (PDGF) signaling pathway regulates numerous lineages of mesenchymal
cell origin during development and in the adult. The transcriptional targets of this pathway have been shown
to be required in several PDGF-dependent processes, but the roles of these targets in specific tissues is just
beginning to be identified. In this study, we show that five different PDGF target genes are essential for male
and/or female fertility. Mutations in each of these five different genes lead to defects in the steroid-producing
cells in the testis and/or ovary and altered hormone production, suggesting that the PDGF pathway controls
steroidogenesis through these genes in both sexes. Furthermore, conditional mutations of both PDGF
receptors revealed a requirement in steroid-producing cells in multiple organs, including the testis, ovary, and
adrenal cortex. Therefore, PDGF signaling may constitute a common mechanism in the control of multiple
steroidogenic lineages.
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Steroidogenesis and the development of the steroid-pro-
ducing cells in the gonads is a tightly controlled process
in both sexes, requiring regulation at many stages of de-
velopment through endocrine, autocrine, and paracrine
mechanisms. Defects in these processes lead to infertil-
ity, malformation of the reproductive tracts, and abnor-
mal secondary sexual characteristics. In males, low tes-
tosterone production leads to abnormalities in spermato-
genesis, undescended testes, ambiguous genitalia, and
infertility (Habert et al. 2001). In females, the production
of estrogen and progesterone is essential for ovulation
and the maintenance of pregnancy (Fisher et al. 1998;
Toda et al. 2001). Altered levels of steroid hormones are
known to be associated with many of the common types
of infertility in both men and women, such as hypogo-
nadism and Polycystic Ovary Syndrome (PCOS), yet
many of the mechanisms that control steroidogenic cell
development and hormone production are not well un-
derstood.

In the gonads, steroid hormones are synthesized by
specialized endocrine cells: the Leydig cells in the testis
(Habert et al. 2001) and theca cells in the ovary (Magoffin

2005). In the testis, Leydig cells have at least two clearly
defined waves of development, as fetal and adult Leydig
cells. Fetal Leydig cells appear very early after sex deter-
mination, by embryonic day 12.5 (E12.5) in the mouse,
and testosterone production from these cells is necessary
for the masculinization of the fetus. Postnatally, fetal
Leydig cells are replaced by adult Leydig cells, which are
required for the progression and maintenance of sper-
matogenesis. In the ovary, the production of steroid hor-
mones requires cooperation between two cell types, the
theca and granulosa cells (Magoffin 2005). Theca cells
are steroidogenic, as they initiate steroid synthesis by
importing cholesterol to the mitochondrial membrane
and synthesize steroid hormones de novo. However,
theca cells produce largely androgens, which are con-
verted into estrogen by granulosa cells. In the absence of
estrogen production, follicles arrest at antral stages
(Fisher et al. 1998; Toda et al. 2001), indicating that es-
trogen synthesis is not necessary for early follicle devel-
opment, but is essential for ovulation and fertility.

Sertoli and theca cells differentiate adjacent to the tes-
tis cords and ovarian follicles, respectively, and it is
thought that these structures secrete factors that influ-
ence the recruitment and control of the steroidogenic
cells. Sertoli cells in the testis cords are strongly impli-
cated in the control of Leydig cells in this manner, as
Sertoli cells express the male sex-determining gene (Sry)
and are able to recruit all other gonadal cells to the male
fate during sex determination (Brennan and Capel 2004).
Sertoli cells are also known to mediate the effects of
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Follicle Stimulating Hormone (FSH) on steroidogenesis
and increase proliferation and survival of both embry-
onic and adult Leydig cells in culture (Saez 1994). In the
ovary, granulosa cells from the follicles have been shown
to induce proliferation and steroidogenesis in theca pre-
cursors in culture (Kotsuji and Tominaga 1994; Gelety
and Magoffin 1997). A number of factors involved in Ser-
toli/Leydig cell or granulosa/theca cell communication
have been identified (Gnessi et al. 1997; Knight and Glis-
ter 2006); however the processes underlying the local
control of the recruitment and development of steroido-
genic cells in the gonads are still unknown.

Both the testis and ovary derive from the same embry-
onic primordium, the bipotential gonad (Brennan and
Capel 2004). As Leydig and theca cells have similar func-
tions, it has been proposed that these endocrine cells
share a common progenitor population and have simi-
larities in their developmental pathways. However,
many of the factors known to control the development of
these cells do not appear to be conserved between the
two populations. For example, while Desert hedgehog
(Dhh) is required for normal Leydig cell development in
the testis, Dhh−/− ovaries are fertile and have normal
theca cells (Clark et al. 2000). Reciprocally, Growth dif-
ferentiation factor 9 (Gdf9) is essential for theca cell de-
velopment in the ovary yet not required for Leydig cells
and fertility in the testis (Dong et al. 1996).

Platelet-derived growth factor receptor � (Pdgfr�) and
its ligand Pdgfa are known to be required for Leydig cell
development. Pdgfr�−/− males have reduced or absent fe-
tal Leydig cells (Brennan et al. 2003). The global knock-
out of this receptor is lethal at early embryonic stages,
making further assessment of the requirements of this
pathway in Leydig cell difficult; yet some Pdgfa−/− males
live to early adulthood and are observed to have fetal
Leydig cells but fail to recruit adult Leydig cells at ado-
lescence (Gnessi et al. 2000), indicating that the PDGF
pathway acts in both the fetal and adult population. In-
terestingly, the PDGF receptors (Pdgfr� and Pdgfr�) are
expressed in both Leydig and theca cells in many species,
while PDGF ligands (Pdgfa, Pdgfb, and Pdgfc) are ex-
pressed in both testis cords and follicles (Gnessi et al.
1995; Loveland et al. 1995; Taylor 2000; Basciani et al.
2002; Yoon et al. 2006; Sleer and Taylor 2007). In culture,
PDGF ligands induce proliferation and affect steroido-
genesis in both Leydig and theca cells (Gnessi et al. 1997;
Taylor 2000). Thus, the PDGF pathway could have a
common role in the development of steroidogenic cells
in both sexes; however mutations of the PDGF receptors
Pdgfr�−/− and Pdgfr�−/− mice are lethal before follicle de-
velopment in the ovary (Soriano 1994, 1997), and the
requirements of this pathway in the ovary have yet to be
determined.

To investigate mechanisms downstream from the
PDGF pathway, transcriptional targets of PDGF have
been identified and mutated in mice using gene trap-
coupled microarray analysis (Chen et al. 2004). Interest-
ingly, despite a wide range of predicted cellular func-
tions, mutations in many of these PDGF target genes
lead to phenotypes consistent with the known functions

of the PDGF pathway, including the establishment of
vascular integrity, skeletal patterning, and glomeruli de-
velopment in the kidney (Schmahl et al. 2007). When we
examined fertility in mice carrying mutations in 11 dif-
ferent PDGF target genes, mutations in two genes led to
defects in male fertility, as might be expected from the
known requirement for PDGF in Leydig cells. Unexpect-
edly, two mutations also led to defects in female fertility
and three additional mutations lost female fertility when
bred onto a Pdgfr�+/− background. All infertile mutations
of PDGF targets exhibited reduction of hormone produc-
tion from the gonads and defects in Leydig and/or theca
cells. Thus we identified five new genes involved in the
control of these steroidogenic cells. Furthermore, the re-
quirement of multiple PDGF targets in both Leydig and
theca cells and the effect of the Pdgfr�+/− background on
female fertility strongly suggested that the PDGF path-
way has a conserved function in both Leydig and theca
cells. To verify this, both PDGF receptors, Pdgfr� and
Pdgfr�, were conditionally deleted from the steroidogen-
ic lineages. Pdgfr� was determined to be important in
the development of both Leydig and theca cells. Inter-
estingly, deletion of both Pdgfr� and Pdgfr� from the
steroidogenic lineages led to additional defects in the
adrenal cortex. Thus, PDGF signaling is required for the
development of steroidogenic cells in several different
organs in the body and may represent a common mecha-
nism in the control of multiple steroidogenic lineages.

Results

Mice carrying viable mutations in 11 PDGF target genes
(listed in Table 1) were tested for fertility and reproduc-
tive phenotypes by housing mutant mice of either sex
with wild-type mice of the opposite sex and monitoring
females for vaginal plugs and pregnancy. Out of the 11
mutations tested, three were observed to lead to sterility.
Plekha1−/− mice were male sterile, Tiparp−/− mice were
female sterile, and Sgpl1−/− mice were both male and
female sterile (Table 1). To test for genetic interactions
with the PDGF receptors, mice with homozygous muta-
tions in PDGF target genes were crossed onto Pdgfr�+/−

and/or Pdgfr�+/− backgrounds. Fertility was not affected
by the loss of one copy of Pdgfr�. However, three addi-
tional lines (Plekha1, Schip1, and BC058969) lost female
fertility when crossed onto a Pdgfr�+/− background, in-
dicating that Pdgfr� and five different PDGF targets may
also be involved in processes necessary for female fertil-
ity.

These five PDGF target genes have a wide range of
predicted functions in the cell. Sgpl1 encodes an enzyme
that irreversibly cleaves sphingosine-1-phosphate (Van
Veldhoven 2000). Plekha1 has no known function, but
has a pleckstrin homology (PH) domain that may bind
phosphoinositides (DiNitto and Lambright 2006). Tiparp
contains a parp domain and may ADP-ribosylate protein
targets (Ma et al. 2001). BC058969 contains cadherin do-
mains and may function in cellular adhesion. Schip1 is
known to bind neurofibromatosis type 2 (NF2) in
Schwann cells and may link membrane proteins to the
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cytoskeleton (Goutebroze et al. 2000). Despite their di-
verse cellular functions, all five genes affected similar
reproductive processes.

PDGF targets are required for Leydig cell development
and steroid production in the testis

We identified two genes with an effect on male fertility
(Sgpl1−/− and Plekha1−/−). Both of these genes were ex-
pressed in the testis, both in testis cords and interstitial
populations (Fig. 1). Testis morphology appeared normal
at postnatal day 7 (P7) in both Sgpl1−/− and Plekha1−/−

mice (data not shown). However, by P20, a stage at
which adult Leydig cells would normally be replacing
the fetal population, irregularities were seen in the mu-
tant testes, including reductions in the testis intersti-

tium and gaps in the spermatocyte layers of the testis
cords (Fig. 2A). By early adulthood (P42), gross changes in
testis morphology were visible in both mutants, includ-
ing a dramatic reduction in testis size, loss of spermato-
cytes from the testis cords, and loss of spermatogenesis
(Fig. 2B,E). While Sgpl1−/− and Plekha1−/− testes had de-
fects in the same structures and cell types, Sgpl1−/− ex-
hibited a more severe phenotype. In Sgpl1−/− testes at
P42, multinucleated giant cells were observed through-
out testis cords, and spermatogenesis and formation
of spermatids appeared completely absent, while
Plekha1−/− testes had some areas of spermatid formation
at this stage. However, Plekha1−/− males were never fer-
tile and presented a complete loss of spermatogenesis by
10 wk of age (data not shown).

The reduction of the testis interstitium and loss of

Table 1. Fertility in mice with mutations in PDGF targets

Name Symbol −/− −/− �R+− −/− �R+−

Sphingosine phosphate lyase 1 Sgpl1 Male sterile Male sterile Male sterile
Female sterile Female sterile Female sterile

Pleckstrin homology domain family A1 Plekha1 Male sterile Male sterile Male sterile
Female sterile (71%; n = 7)

TCDD-inducible poly (ADP-ribose) polymerase Tiparp Female sterile Female sterile Female sterile
Schwannomin-interacting protein1 Schip1 Fertile Fertile Female sterile (45%; n = 11)
cDNA sequence BC058969 BC058969 Fertile Fertile Female sterile (35%; n = 17)
Myosin IE MyoIe Fertile Fertile Fertile
cDNA sequence BC055757 BC055757 Fertile Fertile Fertile
AT-rich interactive domain 5B Arid5b Fertile ND Fertile
KRAB zinc finger protein 6D Mzf6d Fertile ND Fertile
AXIN1 up-regulated 1 Axud1 Fertile Fertile ND
Thioredoxin-interacting protein Txnip Fertile ND ND

(ND) Not determined.

Figure 1. (A) Genes with male sterile phenotypes (Sgpl1 and Plekha1) are expressed in the testis, both within testis cords (tc) and
interstitial cells (i). (B) Genes with effects on female fertility (Sgpl1, Plekha1, Tiparp, Schip1, and BC058969) are expressed in the ovary,
as seen in whole mounts (top row) or sections (bottom row). Many of these genes are expressed within the oocyte (o) and granulosa
(g) cells, and all are expressed within theca (t) cells. Expression patterns were determined by X-gal staining (blue), which detects
expression of the �-geo reporter from the gene trap vector, shown in heterozygous mice. Expression of BC058969 was detected using
in situ hybridization; sample is from wild-type mouse. X-gal stained sections were counterstained with nuclear fast red for contrast.

PDGF pathway in steroidogenic cells
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spermatogenesis observed in both Sgpl1−/− and
Plekha1−/− testes was consistent with defects in Leydig
cells and the loss of testosterone production. Therefore,
Leydig cells were examined using two Leydig cell mark-
ers, Cytochrome P450, family 11, subfamily a, polypep-
tide 1 (CYP11a1) and Insulin-like 3 (INSL3). CYP11a1 is

a steroidogenic enzyme that catalyzes an early step in
the biosynthesis of steroid hormones and is expressed in
steroidogenic cell types, including both fetal and adult
Leydig cells. INSL3 (also known as Relaxin-like factor) is
necessary for testicular descent and is secreted specifi-
cally by mature fetal and adult Leydig cells (Balvers et al.

Figure 2. Both male sterile mutants (Sgpl1−/− and Plekha1−/−) have reductions in Leydig cell populations and testosterone production.
(A) At P20, both Sgpl1−/− and Plekha1−/− show reduction of the testis interstitium (arrows) and gaps in the spermatocyte layers of the
testis cords (arrowheads). (B) By adulthood (P42), the loss of spermatogenesis is visible in the testis cords in both mutants. However,
Plekha1−/− testes have some areas of spermatid (s) formation. Antibodies against CYP11a1 (C; red) and INSL3 (D; red) label Leydig cells
in the adult testis interstitium (arrows) and indicate a reduction in the numbers of Leydig cells in Sgpl1−/− and Plekha1−/− testes.
CYP11a1 is also detected in some spermatocytes within the testis cords. Immunofluorescent sections are counterstained with DAPI
(blue). (E) The adult testes of both mutants are smaller than wild type. (F) Serum testosterone levels in Sgpl1−/− and Plekha1−/− mice
are lower than wild type at 6 and 10 wk of age. (G) As testosterone can also be produced from other areas of the body, testosterone was
also measured in extractions from the testes of these mutants and was lower than wild type. (H) Using real-time PCR, Cyp11a1
expression was found to be decreased in Sgpl1−/− and Plekha1−/− testes relative to wild-type levels. Expression was normalized using
Ubc expression in each sample.
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1998). Using these markers, Leydig cells were found to
be reduced in the adult testes of both Sgpl1−/− and
Plekha1−/− mice (Fig. 2C,D). A reduction in Cyp11a1 ex-
pression was also observed using real-time PCR. Consis-
tent with the reduction in Leydig cells, testosterone lev-
els were decreased in Sgpl1−/− and Plekha1−/− males,
both in serum and in extractions from testes (Fig. 2F,G).

In both Sgpl1−/− and Plekha1−/− mice, testis morphol-
ogy and male development appeared normal before P20,
indicating that fetal Leydig cells were present. However,
examination of Leydig cell markers CYP11a1 (Supple-
mental Fig. 1) and INSL3 (data not shown) at earlier
stages indicated that Leydig cell numbers are reduced
before adulthood. This reduction was visible as early as
P7, before the appearance of the adult Leydig cell popu-
lation, and continued through stages when adult cells
would normally be replacing the fetal population (P14
and P21). Thus, Sgpl1 and Plekha1 function in both fetal
and adult Leydig cell populations.

PDGF targets are required for theca cell development
and steroid production in the ovary

Although members of the PDGF pathway are known to
be involved in testis development, this pathway was not
known to be required in the ovary. Thus it was some-
what surprising that mutations in two PDGF target
genes lead to female sterility (Sgpl1 and Tiparp) and that
an additional three mutations lost female fertility to a
varying degree when bred onto a Pdgfr�+/− background
(Plekha1, Schip1, and BC058969) (Table 1). Despite their
divergent cellular functions, four of the female sterile
mutants (Sgpl1−/−, Plekha1−/−;Pdgfr�+/−, Schip1−/−;
Pdgfr�+/−, and BC058969−/−;Pdgfr�+/−) had very similar
ovarian phenotypes (Fig. 3) and each was consistent with
loss of estrogen production. The ovaries of these mutant
mice were unusually small, and later stage antral fol-
licles were decreased in numbers. No corpora lutea were
present in Sgpl1−/− and Plekha1−/−;Pdgfr�+/− ovaries, in-
dicating that ovulation did not occur. In the mutants
with only a partial loss in fertility (Schip1−/−;Pdgfr�+/−

and BC058969−/−;Pdgfr�+/−) (see Table 1), a few corpora
lutea were occasionally observed, but the number and
incidence of these structures was strikingly reduced. In
ovaries from mice older than 8 wk, the stroma appeared
hyperplasic, containing multiple atretic follicles. The
uteri of these four female sterile lines were hypoplasic,
and sections indicated that the major uterine layers were
present, but underdeveloped (Supplemental Fig. 2).

One female sterile mutant (Tiparp−/−) exhibited very
different ovarian morphology from the others (Fig. 3).
Instead of small ovaries, Tiparp−/− ovaries appeared en-
larged, often exhibited an abnormally large number of
late stage antral follicles and corpora lutea, and occasion-
ally developed hemorrhagic cysts. In Tiparp−/− females,
the length of the estrus cycle was greatly protracted, last-
ing up to 4 d instead of the normal 13 h length. Among
16 Tiparp−/− females set up with males during a 3-mo
period, six pregnancies were observed. These occasional
pregnancies lasted between 21 and 23 d instead of 19 d, at

which point the pups were either born dead and often
partially reabsorbed or the mother was sacrificed due
to declining health. The sizes of these litters were also
unusually small (2.8 ± 0.5 from Tiparp−/− females vs.
9.3 ± 0.7 from wild type).

Both the anovular phenotype seen in Sgpl1−/−,
Plekha1−/−;Pdgfr�+/−, Schip1−/−;Pdgfr�+/−, and
BC058969−/−;Pdgfr�+/− ovaries and the polyfollicular
phenotype seen in Tiparp−/− ovaries are consistent with
altered hormone levels. The anovular phenotypes are
similar to those seen in mice with decreases in estrogen
levels (Fisher et al. 1998; Hasegawa et al. 2000; Toda et
al. 2001), while the enlargement of the ovary, increased
follicle development, the formation of cysts, and persis-
tent estrus in Tiparp−/− ovaries is consistent with in-
creases in hormone levels, particularly androgens. Using
�gal staining or in situ hybridization, all of these genes
were expressed in the steroidogenic theca cell layers (Fig.
1). Therefore theca cells and hormone levels were exam-
ined in the female sterile mutants.

Using antibodies against CYP11a1 and chondroitin
sulfate proteoglycan 4 (CSPG4), theca cells were ob-
served to be reduced in the female sterile lines with little
or no ovulation (Sgpl1−/−, Plekha1−/−;Pdgfr�+/−, Schip1−/−;
Pdgfr�+/−, and BC058969−/−;Pdgfr�+/−) (Fig. 3C; Supple-
mental Fig. 3). Tiparp−/− ovaries did not appear to have
altered theca cell numbers using either marker. Estradiol
levels were reduced in all female sterile lines (Fig. 3D). In
mutants that were only partially infertile (Schip1−/−;
Pdgfr�+/− and BC058969−/−;Pdgfr�+/−), estradiol levels
varied substantially more than in the more fully pen-
etrant lines.

PDGF target genes may regulate differentiation
and the control of steroidogenesis

Despite reductions in the markers of steroid production
and theca differentiation, the distinctive theca layers
were still observed surrounding follicles in the ovaries of
all female sterile mutants (data not shown), indicating
that theca cells were still recruited to the follicles in the
absence of these genes. Furthermore, patterns of prolif-
eration and cell death did not appear to be altered in the
gonads of male or female sterile mutants when examined
at several different stages (data not shown), except at late
stages in male mutants, where elevated levels of cell
death in the testis cords reflect the loss of spermatocytes
and are secondary to the lack of testosterone (Gnessi et
al. 2000). Instead, the problem may lie in differentiation
or acquisition of the capacity to produce steroid hor-
mones.

Steroidogenic cell differentiation and hormone pro-
duction by the testis and ovary can be affected by the
circulating levels of luteinizing hormone (LH) and FSH,
two gonadotropins secreted by the pituitary gland. How-
ever, the levels of LH and FSH in male and female sterile
mutants was not lower than wild type (Supplemental
Fig. 4; data not shown); thus the decrease in steroid pro-
duction in the gonads is not likely to be due to secondary
phenotypes in other organs of the endocrine system.

PDGF pathway in steroidogenic cells
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In the testis, adult Leydig cells are thought to differ-
entiate from a vascular smooth muscle cell (VSMC)
population (Davidoff et al. 2004). Interestingly, PDGF
signaling is known to control the development of
VSMCs in many organs, suggesting that this signaling
pathway could control the early differentiation of ste-
roidogenic cells from a VSMC precursor population. To
determine if the selected PDGF targets affect VSMC de-
velopment in the gonads, these cells were examined in
both male and female sterile mutants using two different
markers; � smooth muscle actin (ASMA) and Desmin. In
the testes of Plekha1−/− mice (Supplemental Fig. 5) and
ovaries of Sgpl1−/−, Plekha1−/−;Pdgfr�+/−, Schip1−/−;

Pdgfr�+/−, and BC058969−/−;Pdgfr�+/− mice (Supplemen-
tal Fig. 3), reduced labeling of VSMCs was seen around
vasculature. These cells did not appear to be reduced in
the ovaries of Tiparp−/− mice. Thus mutations in PDGF
targets that reduce the numbers of steroidogenic cells
also reduce the number of VSMC in the gonads, suggest-
ing that the development of these two cell types is
jointly controlled through this signaling pathway.

To determine the relative levels of steroidogenic en-
zymes, real-time PCR was used on RNA collected from
ovaries from female sterile mice. As expected from the
decrease in CYP11a1 antibody labeling, Cyp11a1 expres-
sion in mutants with little or no ovulation was lower

Figure 3. Female sterile mutants exhibit defects in ovarian size, follicle development, ovulation, theca cells, and estrogen production.
(A) Whole-mount ovaries from female sterile mutants are shown with a wild-type ovary of equivalent age. Most female sterile mutant
ovaries are smaller than wild type, with the exception of Tiparp−/− ovaries, which are larger and occasionally exhibit hemorrhagic cysts
(arrow). (B) Ovarian sections indicate that follicle development still occurs in the mutants, but fewer antral follicles (examples
indicated by arrows) and corpora lutea (cl) are observed in most female sterile mutants. However, Tiparp−/− ovaries show increased
follicle development, with numerous antral follicles and corpora lutea. (C) Using an antibody against CYP11a1 (red), reduced theca cell
numbers were observed in the ovaries of most female sterile mutants, with the exception of Tiparp−/− ovaries. Immunofluorescent
sections are counterstained with DAPI (blue). (D) Serum estradiol levels were decreased in all female sterile mutants. As would be
expected, the mutations that only lost fertility when crossed onto a Pdgfr�+/− background had roughly normal estradiol levels as single
mutants and lowered estradiol levels when crossed onto a Pdgfr�+/− background. (E) Using real-time PCR, Cyp11a1 expression was
found to be decreased in some female sterile mutant ovaries. (F) In Tiparp−/− ovaries, the expression levels of steroidogenic enzymes
varied. The expression of both Cyp11a1 and Cyp17a1 were close to wild-type levels, Cyp19a1 was lower than wild type, and both
Hsd17b1 and Hsd17b3 were increased. The expression of each enzyme is shown relative to wild-type levels (set at 1.0 and represented
by the blue bar). (G) Tiparp expression is increased in both Plekha1−/− testes and ovaries relative to wild type. All samples shown were
taken from mice between 6 and 12 wk of age, with the exception of Sgpl1−/−. Due to the early mortality of Sgpl1−/− mice, these samples
were taken between 5 and 6 wk.
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than wild type, with mutants with more fully penetrant
phenotypes (Sgpl1−/− and Plekha1−/−;Pdgfr�+/−) having
lower expression than those with less penetrant pheno-
types (Schip1−/−;Pdgfr�+/− and BC058969−/−;Pdgfr�+/−)
(Fig. 3E). However, Tiparp−/− ovaries had close to normal
levels of enzymes that function early in the steroid bio-
synthetic pathway (Cyp11a1 and Cyp17a1) (Fig. 3F). In-
stead, other enzymes were affected in this mutant. The
levels of CYP19a1, which converts androgens to esterone
(a precursor to estradiol), was roughly two-thirds lower
than wild type, which may explain the decrease in estra-
diol levels. Interestingly, levels of the 17�-Hydroxyster-
oid dehydrogenases Hsd17b1 and Hsd17b3 were in-
creased. Hsd17b3 is considered an androgenic enzyme
and is normally expressed in the testis, where it is re-
sponsible for reducing androgens to testosterone. The re-
pression of this enzyme in the ovary is critical for the
sexually dimorphic production of estrogen and testoster-
one, as mutants that express Hsd17b3 in the ovary un-
dergo a transformation of theca cells to Leydig-like cells,
secrete androgens, and have enlarged polycystic ovaries
(Couse et al. 2006), similar to the phenotype seen in
Tiparp−/− ovaries.

The up-regulation of Hsd17b3 in Tiparp−/− ovaries sug-
gests that Tiparp may be involved in the repression of
this androgenic enzyme in the ovary. Interestingly, al-
though mutation of Tiparp does not affect male fertility
or testosterone production in the male (data not shown),
the loss of one copy of Tiparp rescues male fertility in
Plekha1−/−;Tiparp+/− mice, indicating that a key function
of Plekha1 in the testis may be to suppress Tiparp. Sup-
porting this hypothesis, Plekha1−/− testes and ovaries
were found to have Tiparp expression levels at two to
three times wild type (Fig. 3G). This increase in Tiparp
expression was not due to changes in cellular composi-
tion of the gonads (i.e., the loss of sperm in the male or
corpora lutea in the female) as Sgpl1−/− testes and ovaries
had Tiparp expression levels not significantly different
or somewhat lower than wild type. Thus Plekha1 and
Tiparp may operate in the same pathway in the control
of the male steroidogenic pathway (Supplemental Fig. 6).

Pdgfr� is required in both Leydig and theca cells

In the ovary, two PDGF target genes are required for
normal theca cell development and hormone production,
and the loss of one copy of Pdgfr� decreases hormone
levels in mice with mutations in three other PDGF tar-
get genes. As both PDGF receptors are expressed in theca
cells (Supplemental Fig. 7), these results suggest that
PDGFR� has a function in theca cells in the ovary. To
investigate this possibility, conditional alleles of Pdgfr�
(Pdgfr�fl) (Tallquist and Soriano 2003) were crossed with
mice expressing Cre from the Steroidogenic factor-1 pro-
moter (Sf1, officially designated Nr5a1) (Bingham et al.
2006). To verify the specificity of its expression and func-
tion in the gonads, Sf1-Cre mice were crossed to the
ROSA26R Cre reporter line. Using X-gal staining, Cre
activity was detected in both Leydig and theca cells,

with mosaic expression in Sertoli cells and granulosa
cells of late stage follicles (Fig. 4A,I).

Sf1-Cre;Pdgfr�fl−/− mice were found to have defects in
the normal development of steroidogenic cells in both
the testis and ovary. In Sf1-Cre;Pdgfr�fl−/− testes, histo-
logical and cellular defects were visible by early adult-
hood (P42). At this stage, Sf1-Cre;Pdgfr�fl−/− testes were
abnormally small, and areas of spermatocyte loss from
the testis cords were evident (Fig. 4). Small numbers of
mature sperm were observed within some testis cords;
however, few sperm were found within the epididymis.
A reduced number of adult Leydig cells were detected in
Sf1-Cre;Pdgfr�fl−/− testes, and Cyp11a1 expression was
lower than in wild type, indicating that Pdgfr� is indeed
necessary for the normal development of the adult Ley-
dig cell population.

At embryonic stages (E12.5–E14.5), testis cord forma-
tion was delayed in Sf1-Cre;Pdgfr�fl−/− testes and fewer
steroid-producing cells were observed (Supplemental Fig.
8). These phenotypes are similar to the defects observed
in Pdgfr�−/− testes at these stages (Brennan et al. 2003),
indicating that many of the effects of Pdgfr� in the testis
are cell-autonomous to steroid-producing cells. How-
ever, the defects in Sf1-Cre;Pdgfr�fl−/− testes appear to be
somewhat less severe than in Pdgfr�−/− testes at these
stages, suggesting that other cell types may be involved.
Alternatively, the testis phenotypes in Pdgfr�−/− mice
may simply be amplified by the other acute phenotypes
apparent in Pdgfr�−/− embryos, which usually die around
this stage (Soriano 1997).

Sf1-Cre;Pdgfr�fl−/− ovaries at 6–8 wk displayed pheno-
types consistent with theca cell defects and similar to
those seen in mice with mutations in PDGF targets, in-
cluding small ovaries, underdeveloped uteri, decreased
follicle development, and no evidence of ovulation (Fig.
4J–L; data not shown). The theca cells were reduced in
the maturing follicles of these ovaries, and both Cyplla1
expression and estradiol levels were lower than wild type
(Fig. 4 M–O). Therefore, as predicted by the female sterile
phenotypes of some PDGF targets, Pdgfr� also has a
critical role in theca cells.

While the conditional deletion of Pdgfr� led to reduc-
tions in steroid-producing cells significant enough to af-
fect fertility in both sexes, it did not lead to the total loss
of these cells. Leydig cells and areas of spermatogenesis
were still detectable in the testis, and a thin, broken
theca interna was detectable in the ovary (Fig. 4). Addi-
tionally, the phenotypes seen in Sf1-Cre;Pdgfr�fl−/− tes-
tes and ovaries at early adulthood (6 wk) were recover-
able, and most Sf1-Cre;Pdgfr�fl−/− mice became fertile
between 3 and 6 mo of age. At 6 wk Sf1-Cre;Pdgfr�fl−/−

testes were smaller than wild type, yet by 10 wk these
testes appeared normal and had increased testosterone
(Fig. 5). Thus, loss of Pdgfra results in a delay of fertility
and hormone production.

We hypothesized that the recovery of fertility in Sf1-
Cre;Pdgfr�fl−/− mice might be due to recovery of Pdgfr�
expression, resulting from expansion of cells in which
deletion had not occurred. Alternately, Pdgfr� may be
able to compensate for the loss of Pdgfr�, as Pdgfr� has a
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similar gonadal expression pattern (Supplemental Fig. 7)
and is known to activate similar pathways in the cell
(Klinghoffer et al. 2001). To differentiate between these
possibilities, we used real-time PCR and in situ hybrid-
ization to examine Pdgfr� and Pdgfr� expression. We
found that Pdgfr� levels did not increase between 6 and
10 wk in Sf1-Cre;Pdgfr�fl−/− gonads (Fig. 5; data not
shown). However, Pdgfr� expression increased in Sf1-
Cre;Pdgfr�fl−/− samples over this period. In the testes,
increased Pdgfr� expression was found only in mice that
also had increased testosterone, suggesting that an in-
crease in Pdgfr� expression might compensate for the
loss of Pdgfr� in steroidogenic cells, and thus that Pdgfr�
may have a function in these cells.

Both Pdgfr� and Pdgfr� receptors are necessary
for multiple steroidogenic populations

To determine if Pdgfr� has a role in steroidogenic cells,
we generated a conditional allele of Pdgfr� (Pdgfr�fl−/−)
(Supplemental Fig. 9) and crossed it to Sf1-Cre and

Pdgfr�fl−/− mice. Sf1-Cre;Pdgfr�fl−/− mice were both vi-
able and fertile, indicating that removal of this receptor
alone did not affect fertility. However, few Sf1-Cre;
Pdgfr�fl−/−;Pdgfr�fl−/− mice were recovered after birth
(Supplemental Table 1). Sf1-Cre;Pdgfr�fl−/−;Pdgfr�fl−/−

mice were recovered before birth (at E18.5), indicating
that these deletions can be perinatally lethal when com-
bined. This lethality is unlikely to be due to a problem in
gonad development, as the gonad is not necessary for
viability; however, the Sf1-Cre line expresses Cre in
other steroid-producing organs in the embryo, including
the adrenal cortex (Bingham et al. 2006). This organ se-
cretes hormones important in metabolism and nutrient
absorption, such as corticosteroids and catecholamines,
and is necessary for postnatal viability.

Using the ROSA26R Cre reporter line, Sf1-Cre activity
was detected in the adrenal gland, both at embryonic and
adult stages (Fig. 6A). Just before birth (E18.5) the adrenal
glands of Sf1-Cre;Pdgfr�fl−/−;Pdgfr�fl−/− mice appeared
small, with a reduced adrenal cortex (Fig. 6B,C). Using
CYP11a1 as a marker of steroidogenesis, reduced num-

Figure 4. Conditional knockout of Pdgfr� leads to defects in the testis and ovary. (A,I) Using Xgal staining, Sf1-Cre (blue) is detected
in Leydig (l) cells and theca (t) cells. Sertoli (s) and granulosa cells (g) have mosaic expression. (B–F) Testes of Sf1-Cre;Pdgfr�fl−/− mice
are smaller than wild type (B), show signs of spermatocyte loss in the testis cords (tc) (C,D), and have greatly reduced numbers of sperm
stored in the epididymis (E,F). (G,H) Sf1-Cre;Pdgfr�fl−/− testes have reduced numbers of Leydig cells (red, arrows), detected with an
antibody against INSL3. An antibody against Desmin (green) outlines the testis cords. (J) Sf1-Cre;Pdgfr�fl−/− ovaries are small and have
hypoplasic uteri. (K,L) Follicle development is observed, but no corpora lutea are present. (M,N) Using an antibody against CSPG4 to
label the theca interna, these cells are reduced in Sf1-Cre;Pdgfr�fl−/− ovaries. (O) Expression of the steroidogenic enzyme Cyp11a1 is
reduced in Sf1-Cre;Pdgfr�fl−/− testes and ovaries, relative to wild-type levels. Expression was normalized using Ubc expression.

Schmahl et al.

3262 GENES & DEVELOPMENT



bers of steroid-producing cells were observed in Sf1-
Cre;Pdgfr�fl−/−;Pdgfr�fl−/− adrenal glands at this stage
(Fig. 6D). Few steroid-producing cells were also detected
in the testes at this time, and the testes themselves ap-
peared small and frequently hemorrhagic. Therefore the
joint actions of Pdgfr� and Pdgfr� are necessary for the
development of steroidogenic cells in several steroid-pro-
ducing organs in the body, including the ovary, testis,
and adrenal gland, indicating that this pathway may be
part of a common mechanism in the control of these
different populations.

Discussion

PDGF receptors and their ligands are essential for the
development and normal function of a wide variety of
cell types and tissues, including VSMCs, neural crest
cells, myelination of the central nervous system, and the
proper patterning of the skeleton, lung, and kidney
(Hoch and Soriano 2003; Andrae et al. 2008). The tran-
scriptional targets of PDGF signaling, identified in fibro-
blasts, have been shown to control the same processes as
the PDGF receptors in vivo (Schmahl et al. 2007). For
example, when 12 different targets of PDGF signaling
were mutated, four of these genes were shown to control
migration of mesangial cells into glomerular capsules in
the kidney, a process controlled by PDGFR�. In the cra-
niofacial skeleton, mutation of seven different PDGF tar-
gets were shown to reduce the bones at the midline,
structures that are known to be dependent on PDGFR�.
Although disruption of PDGF target genes affected the
same processes as the PDGF receptors, most mutations
in these target genes were less severe than mutation of
the receptors and at least partially viable. Thus, exam-
ining the function of growth factor target genes has the
potential to reveal later functions of the pathway.

In this study, we showed that five PDGF target genes
are essential for the normal development of steroid-pro-

ducing cells in the gonads. Two PDGF target genes
(Sgpl1 and Plekha1) have a role in the steroid-producing
cells of the testis, the Leydig cells. This is consistent
with the known requirement of PDGF in this cell type.
As would be expected from the phenotypes in other or-
gans, the gonadal phenotypes observed in mice with mu-
tations in PDGF target genes appear somewhat attenu-
ated from the phenotypes in Pdgfr�−/− gonads. Along this
line, complete loss of Pdgfr� results in the absence or
dramatic reduction of fetal Leydig cells (Brennan et al.
2003), while the loss of the two PDGF target genes ap-
pear to have a reduced, but still functional, fetal Leydig
cell population. Interestingly, the adult Leydig cell popu-
lation appears to be more strongly affected. The require-
ment of Pdgfr� in this adult population was less well
known due to the embryonic lethality of Pdgfr�−/− mice,
but the phenotypes of mutations of these two PDGF tar-
get genes are similar to mice missing the PDGF ligand
Pdgfa (Gnessi et al. 2000), and Sgpl1−/−, Plekha1−/−, and
Pdgfa−/− testes all exhibit loss of the adult Leydig cell
population, reductions in testosterone production, and
the subsequent loss of spermatogenesis and fertility by
early adult stages. Thus we identified two targets of
PDGF that are essential for the development of the ste-
roidogenic cells of the testis and may act downstream
from the PDGF pathway in the control of these cells.

In the ovary, mutation of five different PDGF target
genes affected ovarian function, either alone (Sgpl1 and
Tiparp) or on a Pdgfr�+/− background (Plekha1, Schip1,
and BC058969). These genes were shown to affect a ste-
roid-producing cell type in the ovary, the theca cell, and
all female sterile mutants exhibited altered hormone
production and changes in processes controlled by hor-
mones in the female, including follicle development,
uterine morphology, and ovulation. Granulosa cells also
participate in steroid production in the ovary and could
be affected in the mutants. However, not all sterile
PDGF target genes are expressed in granulosa cells, and

Figure 5. Sf1-Cre;Pdgfr�fl−/− testes and ovaries re-
cover fertility. (A) At 6 wk of age, testosterone was
low in most Sf1-Cre;Pdgfr�fl−/− testes (12 out of 16, or
75%, using the mean at 6 wk as a cutoff). However by
10 wk, higher testosterone levels were detected in
most Sf1-Cre;Pdgfr�fl−/− testes (eight out of 14, or
54%). (B) By 10 wk, Sf1-Cre;Pdgfr�fl−/− testes appeared
normal. (C) Pdgfr� expression did not increase in Sf1-
Cre;Pdgfr�fl−/− testes over this period. (D) Pdgfr� ex-
pression changed in Cre;Pdgfr�fl−/− testes over time
and was observed to be higher in samples with high
testosterone levels than in samples with low testos-
terone levels by 10 wk. (E) In the ovary, Pdgfr� expres-
sion is close to wild type at 6 wk of age and increases
by 10 wk of age. Wild-type samples are a pool of
samples between 6 and 10 wk. Expression levels were
normalized for each sample using Ubc.
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these cells do not express PDGF receptors during early
follicle development (Sleer and Taylor 2007). Addition-
ally, follicles are able to develop through antral stages in
the sterile mutants of these targets; thus granulosa cells
are not likely to be directly controlled by these genes. As
the global knockouts of the PDGF receptors are lethal
before follicle development in the ovary, PDGF was not
previously known to be required in ovarian processes.
However, using conditional mutations of the PDGF re-
ceptors, we showed that the PDGF pathway has a role in
theca cells in the ovary.

The steroid-producing cell in the testis, ovary, and
adrenal gland are known to be closely associated with
the vasculature of these organs. In the testis, adult Ley-
dig cells are located proximal to blood vessels and are
even thought to be derived from VSMCs (Davidoff et al.
2004). In the ovary, theca cell layers are highly vascular-
ized, and it is known that vascular remodeling in these
layers is a critical component of follicle development.
Defects in steroidogenic cells in the testis and ovary are
often associated with changes in vascular patterning
(Brennan et al. 2003; Jeays-Ward et al. 2003), suggesting
that these structures may be coregulated. Interestingly,

mutations of PDGF target genes that reduced steroid-
producing cells also reduced VSMCs in the gonads, sug-
gesting that these genes jointly control the development
of two cell types in both the testis and ovary. PDGF
signaling has well-established roles in the development
of vascular-associated mesenchymal cells in many or-
gans, including VSMCs, pericytes, and mesangial cells.
This pathway is known to control migration, prolifera-
tion, and differentiation in these cell types, and thus it is
possible that PDGF controls the vascular-associated ste-
roidogenic cells in a similar manner.

Pdgfr� is expressed very early in Leydig cell differen-
tiation and may even label the Leydig stem cell popula-
tion (Ge et al. 2006). Additionally, PDGF ligands can
induce steroidogenesis in both Leydig and theca cell pre-
cursors in culture (Gnessi et al. 1997; Taylor 2000), sug-
gesting that this pathway could act in the early differen-
tiation of this cell type. This pathway may also control
proliferation in these populations (Gnessi et al. 2000).
Interestingly, we found that PDGF target genes in the
ovary do not appear to be required for proliferation or
recruitment of the theca layer to the follicle. Instead,
these genes may function at later stages of differentia-

Figure 6. Conditional knockout of both Pdgfr� and Pdgfr� in steroidogenic cells leads to defects in the testis, ovary, and adrenal gland.
(A) A ROSA26R Cre reporter indicates Sf1-Cre expression in both the embryonic (arrows) and adult adrenal gland. (B) E18.5 mice with
conditional deletion of both Pdgfr� and Pdgfr� (Sf1-Cre;Pdgfr�fl−/−;Pdgfr�fl−/−) have small adrenal glands. (C,D) The adrenal cortex (ac,
brackets) is reduced (C), and steroidogenic cells are reduced in this region, as detected with an antibody against CYP11a1 (D, red). (E,F)
The testes of Sf1-Cre;Pdgfr�fl−/−;Pdgfr�fl−/− mice are small and often hemorrhagic (E), and labeling with CYP11a1 antibody indicates
a reduction of steroid-producing cells (F, red; examples indicated by arrows).
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tion and be necessary for the acquisition of steroidogen-
esis or the normal expression patterns of steroidogenic
enzymes. In fact, the mutation of one PDGF target,
Tiparp, does not lead to the loss of steroidogenesis, but
instead leads to changes in the balance of steroidogenic
enzymes, resulting in the expression of the androgenic
enzyme Hsd17b3 in the ovary. This enzyme is normally
suppressed in theca cells, suggesting that Tiparp could
be part of this suppression mechanism. Interestingly,
the loss of one copy of Tiparp rescues male fertility
in Plekha1−/−;Tiparp+/− mice, indicating that multiple
PDGF target genes could be acting in the same molecular
pathways in steroidogenic cells (see Supplemental Fig. 6
for schematic).

The steroidogenic cells of the testis, ovary, and adrenal
gland are thought to share a common progenitor popu-
lation in development (Hatano et al. 1996). These pro-
genitors are first seen as an SF1-positive population
found along the embryonic urogenital ridge and separate
into two groups that populate either the gonad or the
adrenal gland. In fact, fetal Leydig cells have been theo-
rized to have evolved from modified adrenocortical cells
(O’Shaughnessy et al. 2006), as the steroidogenic en-
zymes of these populations are so similar. The three dif-
ferent steroidogenic cell types in the testis, ovary, and
adrenal are all under endocrine control from the pitui-
tary. However, using conditional deletion of the PDGF
receptors, we showed that this growth factor pathway is
required for the normal function and development of
these three different populations, suggesting that there
may be a common pathway in the control of these cells
beyond the endocrine mechanism. Interestingly, the
overall expression pattern of the PDGF ligands and re-
ceptors in the gonads suggests a directional signal from
the testis cords and follicles to the steroidogenic cells.
This is consistent with the epithelial to mesenchymal
signaling mediated by PDGF in other systems and sug-
gests that PDGF signaling may be a conserved mecha-
nism in the local control of steroidogenic lineages.

Materials and methods

Genotyping

Mutants of PDGF target genes were derived via insertion of the
gene trap array vector (ROSAFARY), as described by Chen et al.
(2004). The mutant mice are denoted as Sgpl1Gt(ROSA)78Sor,
Plekha1Gt(ROSA)82Sor, TiparpGt(ROSA)79Sor, Schip1Gt(ROSA)77Sor,
and 2610005L07RikGt(ROSA)73Sor (BC058969) and are available
from the Jackson laboratories. SF1-Cre mice were a generous
gift from Keith Parker (Bingham et al. 2006). The conditional
Pdgfr�fl−/− allele has been previously described (Tallquist and
Soriano 2003). The conditional Pdgfr�fl allele was constructed
using PGKneoF2L2DTA (Hoch and Soriano 2006) by introduc-
ing loxP sites at a BstEII and a HpaI site ∼500 base pairs (bp)
upstream of and 2,100 bp downstream from the exons encoding
the first and second immunoglobulin domain, respectively. Fol-
lowing homologous recombination in AK7 (129S4) embryonic
stem cells, germline chimeras were derived by blastocyst injec-
tions, and the FRT-flanked PGKneo cassette was removed by
crossing with ROSA26FlpeR mice (Farley et al. 2000). Muta-

tions were bred on a 129S4/S4 or a mixed 129S4/C57BL/6129
background and maintained on a 13-h on light cycle. Genotypes
were determined using PCR analysis of tail biopsies, using the
primers listed in Supplemental Table 2. As the region contain-
ing BC058969 is duplicated in the genome, Southern blots were
used to determine the genotype of this mutant.

Fertility was assayed on at least two mice of each sex for all
mutant lines by setting up adult (6-wk-old) mutant mice with
control mice of the opposite sex for 3 mo. Mating was moni-
tored daily for 2 wk by checking females for vaginal plugs. Ad-
ditional mice were tested in lines that demonstrated fertility
defects to determine the penetrance of the phenotype.

Histology, staining, and immunofluorescence

Tissue was dissected from mice at the indicated age, fixed in
either 4% paraformaldehyde or Bouin’s fixative (Sigma), rinsed
in PBS, dehydrated in increasing concentrations of ethanol, and
cleared with Histo-Clear (National Diagnostics). To visualize
testis and ovarian structures, tissues were embedded in paraffin,
sectioned, and stained with Mayer’s hematoxylin and eosin Y.
For immunofluorescence, tissue was fixed in paraformaldehyde,
put through increasing concentrations of sucrose, embedded in
Tissue-Tek (Sakura, Inc.), and sectioned at 10–12 µm. Sections
were blocked in 10% goat serum, 0.1% Triton in PBS and in-
cubated overnight in the indicated primary antibody. Primary
antibodies were used against CYP11a1 (1:200; Chemicon,
AB1294), INSL3 (1:100; Phoenix Pharmaceuticals, G-035-43),
CSPG4 (1:200; Chemicon, AB5320), Desmin (1:250; DAKO
clone D33), PH3 (1:300; Millipore, 06-570), and 5-Bromo-2-de-
oxy-uridine (BrdU) (Developmental Studies Hybridoma Bank at
the University of Iowa, G3G4). An antigen retrieval step using
a 2N HCL wash was used to detect BrdU. Fluorescently tagged
secondary antibodies from Jackson ImmunoResearch (1:1000)
were used to visualize antibody detection. To detect apoptosis,
a FragEL DNA Fragmentation Detection Kit was used (Calbio-
chem, QIA39). Fluorescent sections were counterstained with
DAPI (1:10,000). Images were captured using a Leica DFC290 or
Optronics Magnafire camera for whole mounts and histological
sections and a Zeiss Observer Camera with Axiovision software
for fluorescent sections. Images were processed using Adobe
Photoshop software.

X-gal staining and in situ hybridization

X-gal staining was done using standard protocols on heterozy-
gous mice between 6 and 12 wk of age, and sections were coun-
terstained with nuclear fast red. As the insertion into BC058969
has low �-gal activity (Schmahl et al. 2007), the expression pat-
terns of this gene were detected using sectioned and whole-
mount in situ hybridization using standard techniques. The
probe for this gene was derived from cloned 3� RACE products
derived as described (Chen et al. 2004). Probes for Pdgfra,
Pdgfrb, Pdgfa, Pdgfb, and Pdgfc were derived from cDNA using
standard protocols.

Hormone levels

Circulating hormone levels were determined by harvesting
blood using retro-orbital bleed. Males were harvested at the in-
dicated ages (6 and 10 wk of age), at 10–11 a.m. to reduce vari-
ability due to time of day. In females, the estrus cycle was
monitored using vaginal lavage, and blood was taken between 6
and 10 wk of age from mice in early estrus phase at 6–7 p.m.
Many infertile mutants had greatly elongated estrus cycles, and
some did not enter a clear estrus phase during the 3-wk moni-
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toring period. In these mice, blood was taken at the stage closest
to estrus that could be achieved, generally late proestrus. Serum
was extracted via centrifugation in serum separator tubes and
hormones measured using a measured using a radioimmunoas-
say (RIA) from Diagnostic Systems Laboratories, including tes-
tosterone (DSL-4000), estradiol (DSL-43100), LH (DSL-4600),
and FSH (DSL-4700). To determine testosterone levels in the
testis, this organ was homogenized and extracted using two
changes of 5 mL of diethyl ether. These extractions were al-
lowed to evaporate and dissolved in PBS, and testosterone levels
were measured as above. Between five and 10 samples were
taken from each genotype and sex unless otherwise indicated.
Sgpl1−/− and Plekha1−/−;Pdgfra+/− mice have reduced viability
and thus only one to three samples were measured from these
lines. The standard error of the mean (SEM) is shown for each
genotype as an error bar.

RNA isolation and real-time PCR

Testes and ovaries of the appropriate genotype were homog-
enized in TRIZOL reagent (GIBCO-BRL), and total RNA was
isolated according to manufacturer. Random-primed cDNA was
synthesized using iScript (Bio-Rad S60), and real-time PCR was
performed using IQ Syber Green Mix (Bio-Rad 170-8880) and the
primers listed in Supplemental Table 3. Real-time PCR was
preformed and analyzed using the iQ5 Optical System Real-
Time PCR machine and software. A melting curve and dilution
series were done on each primer pair to determine efficiency and
rule out secondary reaction products and primer dimer forma-
tion. Real-time PCR was then preformed over 40 cycles at 60°C.
RNA concentrations were equalized before cDNA synthesis,
and each sample was also normalized using a reference gene
(Ubc). The Pfaffl normalization method was used to take into
account different efficiencies of each primer set. For each geno-
type and sex, two to four samples were measured, with each
done in triplicate. Expression is shown relative to a wild-type
sample, and error bars indicate SEM.
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