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The small heterodimer partner (SHP) is an atypical nuclear receptor known mainly for its role in bile acid
homeostasis in the enterohepatic tract. We explore here the role of SHP in the testis. SHP is expressed in the
interstitial compartment of the adult testes, which contain the Leydig cells. SHP there inhibits the expression
of steroidogenic genes, on the one hand by inhibiting the expression of the nuclear receptors steroidogenic
factor-1 and liver receptor homolog-1 (Irh-1), and on the other hand by directly repressing the transcriptional
activity of LRH-1. Consequently, in SHP knockout mice, testicular testosterone synthesis is increased
independently of the hypothalamus—pituitary axis. Independent of its action on androgen synthesis, SHP also
determines the timing of germ cell differentiation by controlling testicular retinoic acid metabolism. Through

the inhibition of the transcriptional activity of retinoic acid receptors, SHP controls the expression of
stimulated by retinoic acid gene 8 (stra8)—a gene that is indispensable for germ cell meiosis and
differentiation. Together, our data demonstrate new roles for SHP in testicular androgen and retinoic acid
metabolism, making SHP a testicular gatekeeper of the timing of male sexual maturation.
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Male fertility is controlled by complex interactions
among the hypothalamus, pituitary, and testis. The ma-
jor functions of the testis include production of male
gametes and secretion of testosterone. Testosterone syn-
thesized by the testicular Leydig cells is responsible for
the development of testes, the attainment of puberty,
and the maintenance of spermatogenesis, secondary sex-
ual characteristics, and fertility (Wilson et al. 2002).
Spermatogenesis takes place within the seminiferous tu-
bules in association with the Sertoli cells, which provide
structural and nutritional support for the developing
germ cells. Coordinated regulation of mitosis and meio-
sis underpins normal spermatogenesis. However, mecha-
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nisms involved in the testicular steroidogenesis and
germ cell differentiation that are the hallmarks of male
fertility are not completely understood.

Nuclear receptors (NRs) are a family of transcription
factors with a conserved modular structure (Giguere
1999] that control a plethora of cellular functions, in-
cluding steroidogenesis (Beuschlein et al. 2002; Francis
et al. 2003; Shibata et al. 2003; Fayard et al. 2004), pu-
berty (Murphy et al. 1994; Hiort 2002), and cell cycle (Fu
et al. 2003; Botrugno et al. 2004). The two members of
the NR5A subfamily of NRs—the steroidogenic factor 1
(SF-1, NR5A1) and the liver receptor homolog 1 (LRH-1,
NR5A2)—have been shown to control the transcription
of many genes involved in steroidogenesis (Bakke et al.
2001; Kim et al. 2004, 2005; Mueller et al. 2006). While
deletion of SF-1 in the steroidogenic Leydig cells results
in infertility in male mice primarily driven by an abnor-
mal testicular descent (Jeyasuria et al. 2004), the role of
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LRH-1 in the Leydig cells of the testis remains elusive
(Pezzi et al. 2004).

The small heterodimer partner (SHP, NROB2) is an
atypical NR that lacks a DNA-binding domain, and to-
gether with the dosage-sensitive sex reversal-adrenal hy-
poplasia congenita gene on the X chromosome, gene 1
(Dax-1, NROB1), it constitutes the NROB subfamily (Seol
et al. 1996). SHP is mainly known for its role in the liver,
where it is involved in the feedback inhibition of bile
acid synthesis (Goodwin et al. 2000; Lu et al. 2000; Kerr
et al. 2002; Wang et al. 2002). This function of SHP has
been linked to its ability to repress the transcriptional
activity of other NRs such as LRH-1 (Goodwin et al.
2000; Lu et al. 2000). In addition to the liver, SHP has
also been shown to be expressed at lower levels in the
testis (Johansson et al. 1999; Lu et al. 2001), but its exact
role in this tissue still needs to be defined.

Using both genetic and pharmacologic strategies in the
mouse, we show here that SHP deficiency results in an
early rise in fertility as a result of removal of the repres-
sive effects of SHP on genes involved in the testicular
steroidogenesis and on the retinoic acid (RA)-regulated
genes involved in germ cell differentiation in the testis.

Results
SHP deficiency leads to higher testosterone levels

To elucidate the role of SHP in the testis, we analyzed
both plasma and intratesticular concentrations of testos-
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terone in control floxed (SHP*Y2) and SHP knockout
(SHP™/“") mice. Both plasma (Fig. 1A) and intratesticu-
lar (data not shown) concentrations of testosterone were
significantly higher in SHP/“~ mice. The testicular
mRNA expression of steroidogenic genes—including the
steroidogenic acute regulatory protein (star), cytochrome
P450 side-chain cleavage (cypI1al), and 3B-hydroxyster-
oid dehydrogenase (3B-hsd)—was higher in SHP:/*~
compared with SHP*?>/"? mice (Fig. 1B). There was, how-
ever, no difference in the expression of cytochrome P450
17a hydroxylase (cyp17) between the two genotypes.

Phenotypically, 12-wk-old adult SHPY/*~ and SHP-*/12
males were similar in terms of body, liver, and spleen
weights (Fig. 1C). However, SHPY/*~ males showed
several differences in the reproductive organs com-
pared with SHP™?/*2 mice. The epididymidal weight was
17% higher in SHP*/*~ mice (Fig. 1C). SHP*/*~ mice
also had a tendency to have heavier seminal vesicles
than SHP*?>/*2 mice (Fig. 1C). These results are consis-
tent with the known effect of androgens (Wilson et al.
2002). In contrast, the testes were smaller and weighed
20% less in the SHP*/*~ mice (Fig. 1C).

Although these results indicated that SHP is involved
in the regulation of testosterone synthesis, they did not
allow us to identify whether these effects were centrally
or locally mediated. To address this question, we exam-
ined the plasma level of luteinizing hormone (LH) and
mRNA expression of luteinizing hormone B (Ihb) in the
pituitary. Although Lhb mRNA levels were lower in the
pituitary of SHP* /%, this seemingly did not affect
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Figure 1. SHP deficiency leads to hypertestosteronemia. (A) Plasma testosterone levels in SHP**/*2 and SHP*/*~ mice (n = 10-15 per
group). (B) Testicular mRNA expression of star, cypl1al, 3B-hsd, cyp17, sf-1, and Irh-1 in whole testis of SHP™**? and SHP* /"~ mice.
(C) Weights of liver, spleen, testis, epididymides, and seminal vesicles normalized to body weight in SHP**/*? and SHP*/*~ mice. (*)
p <0.05. (D) Plasma LH and pituitary mRNA expression of Ihb in SHP**2 and SHPY~/%~ mice. (*) p < 0.05. (E) Quantitative RT-PCR
analysis of lhcgr, fshr, Irh-1, shp, sf-1, and fxra in extracts of liver, adrenals, whole testis, and laser-microdissected interstitial or
tubular compartments of testis of 12-wk-old C57BL/6] mice (n = 3). (*) p < 0.05.
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plasma LH, as levels were identical between SHPM*/2
and SHP"/"" mice (Fig. 1D). To further examine even-
tual central effects via LH, mice were stimulated with
hCG. Both SHP'**? and SHP*/“mice responded to
hCG treatment with an increase in plasma testosterone.
However, no differences in gonadotropin responsiveness
(Supplementary Fig. Sla) or in the induction of the ste-
roidogenic genes star and cypllal could be observed be-
tween both genotypes (Supplementary Fig. S1b). These
results suggest that local, but not central, regulatory
mechanisms are responsible for the increased testoster-
one production in SHPY /L~ mice.

SHP is expressed in the interstitial cells
of the adult testis

As shp has been shown to be expressed at a very low
level in the testes as compared with the liver (Johansson
et al. 1999; Lu et al. 2001), it was intriguing to note that
deletion of SHP led to such an increase in testicular tes-
tosterone synthesis. In agreement with these studies,
only low levels of shp mRNA were measured in the tes-
tis, evoking the possibility that shp might be confined to
a specific cell type in the adult testis (Fig. 1E). To test
this hypothesis, we purified interstitial and tubular cells
from the adult testes using laser microdissection (LMD).
The mRNA expression pattern—characterized by low
Fsh receptor (fshr) and high Lh receptor (Ihcgr) expression
in the interstitial cells, and low lhcgr and high fshr ex-
pression in the tubular cells—demonstrated the cellular
purity of our LMD samples (Fig. 1E). shp mRNA levels
were significantly higher in the interstitial compart-
ment, including steroidogenic Leydig cells, as compared
with the tubular cells, including Sertoli cells (Fig. 1E).
Similar results on shp, lhcgr, and fshr expression were
obtained using the MA10 Leydig cell line and the Mscl
Sertoli cell line (data not shown). Furthermore, in addi-
tion to SHP, the expression of the NRs Irh-1 and sf-1 and
farnesoid X receptor o (fxra; NR1H4) were all enriched in
the interstitial cells of the adult testis, most likely in the
Leydig cells (Fig. 1E).

SHP regulates testicular steroidogenesis via LRH-1

Steroidogenic genes have been shown to be regulated by
both SF-1 and LRH-1 in vitro (Bakke et al. 2001; Kim et
al. 2004, 2005; Mueller et al. 2006). In agreement with a
previous report (Pezzi et al. 2004), we confirmed that the
mRNA of Irh-1 was clearly expressed in the interstitial
cells (Fig. 1E). We then examined the role of LRH-1 in
testicular steroidogenesis using heterozygous LRH-1-de-
ficient (LRH-1*/7) and wild-type (LRH-1*/*) mice (Bo-
trugno et al. 2004). LRH-1*/~ mice showed lower plasma
testosterone concentrations compared with LRH-1*/*
mice (Fig. 2A). This effect appeared to be intratesticular,
as plasma LH concentrations and pituitary Jhb mRNA in
the LRH-1"/~ mice were not lower than in their wild-
type littermates (Fig. 2B). By contrast, the lower testos-
terone secretion could be explained by the lower mRNA
levels of steroidogenic genes star, cypl1al, and 38-hsd in
the testis of LRH-1*/~ mice (Fig. 2C). Consistent with

SHP coordinates male sexual maturation

these data, the weights of the epidydimides and seminal
vesicles were lower in LRH-1"/~ (Fig. 2D).

Interestingly, both Irh-1 and sf-1 were expressed at a
higher level in SHPY /%~ relative to SHPY*Y2 mice (Fig.
1B). The increased expression of Irh-1 and sf-1 could
hence contribute to the enhanced steroidogenesis of
SHPY/Y~ mice. The opposite effect on mRNA expression
of steroidogenic genes and on plasma testosterone con-
centrations, and its ensuing effects on reproductive or-
gans in SHP*/"~ and LRH-1*/~ mice, suggested that, in
addition to its effect on Irh-1 and sf-1 expression, SHP
could also inhibit steroidogenesis through a direct in-
hibitory interaction with LRH-1 (Lu et al. 2000; Li et al.
2005). The hypothesis of a functional interaction be-
tween SHP and LRH-1 in the control of the testicular
steroidogenesis was validated in vitro, using transient
transfection experiments of a luciferase reporter con-
struct under the control of the promoter of the mouse
star gene encoding the first enzyme in steroidogenesis.
Transfection of COS-1 cells with the mLRH-1 expres-
sion vector alone induced star promoter activity, while
cotransfection of SHP decreased the LRH-1-dependent
transactivation of the star promoter in a dose-dependent
manner (Fig. 2E).

The ability of SHP to interact with LRH-1 on the
LRH-1 response elements (LRH-1-RE) in the promoters
of two key steroidogenic genes—i.e., star and cypllal—
was then evaluated by chromatin immunoprecipitation
(ChIP). TM3 Leydig cells were therefore transfected with
a pCMV2-Flag-SHP with or without a pCMX-LRH-1 ex-
pression vector, as we could not immunoprecipitate en-
dogenous SHP protein in vivo due to the lack of a good
anti-SHP antibody. Using an anti-LRH-1 antibody,
LRH-1 was detected on the sequences surrounding the
LRH-1-RE, but not on genomic DNA located 4.0-2.4 kb
upstream of the LRH-1-RE in both star and cyplial
genes (Fig. 2F). SHP, as detected by an anti-Flag antibody,
was also only present at the LRH-1-RE, but not on the
DNA upstream of the LRH-1-RE on both LRH-1 target
genes (Fig. 2G). The interaction between LRH-1 and SHP
on the star promoter was also supported by the fact that
higher levels of SHP were immunoprecipated when cells
were cotransfected with LRH-1 and SHP expression vec-
tors (Fig. 2G).

Since SHP has also been shown to interact with LXR
(Brendel et al. 2002), another NR involved in adrenal
steroidogenesis (Cummins et al. 2006), we expected that
the LXR signaling pathway might also be altered in the
SHPY/~ mice. Interestingly, neither the mRNA levels
of the two LXR isoforms nor the expression of their tar-
get genes, such as srebplc and abcal, were altered in the
SHP“/~ mice (data not shown), arguing against the in-
volvement of LXR in the regulation of testicular ste-
roidogenesis by SHP.

The expression of SHP is regulated by FXRa
in the testis

In the liver, the expression of shp has been shown to be
induced by FXRq, a transcriptional effect that underlies
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Figure 2. LRH-1*/- and SHP* /"~ mice show opposite testicular phenotypes. (A) Plasma testosterone concentrations in LRH-1*/* and
LRH-1*/~ mice (n = 10-15 per group). (*) p < 0.05. (B) Plasma LH and pituitary mRNA expression of [hb in LRH-1*/* and LRH-1*/~ mice.
(C) Testicular mRNA expression of Irh-1, star, cypllal, 3-hsd, and cyp17 in whole testis of LRH-1*/* and LRH-1*/~ mice. (*) p < 0.05.
(D) Weights of liver, spleen, testis, epididymides, and seminal vesicles normalized to body weight in LRH-1*/* and LRH-1*/~ mice. (*)
p < 0.05. (E) Transient transfection assay of COS-1 cells cotransfected with a mouse star promoter luciferase reporter plasmid together
with either empty pCMX or the pPCMX-mLRH-1 expression plasmid. An increasing dose of the pPCMX-mSHP expression plasmid was
cotransfected (0-40 ng). Normalized luciferase activity was expressed as relative light units (RLU) of triplicate assays (mean + SD). (*)
p < 0.05. (F) ChIP assay performed to detect LRH-1 on genomic sequences of the star and cyp11al genes in TM3 Leydig cells transfected
either with pCMX or pCMX-LRH-1 using an anti-LRH-1 antibody. A sequence of +100 bp covering either the LRH-1-RE (A) or a
sequence 4.0-2.4 kb upstream of the LRH-1-RE (B) was amplified. Results are expressed as fold enrichment over cells transfected with
pCMX and represent amplification variability (n = 4). (G) ChIP to detect SHP on genomic DNA isolated from TM3 Leydig cells
transfected either with pCMX and pCMV2, pCMX and pCMV2-Flag-SHP or pPCMX-LRH-1 and pCMV2-Flag-SHP using an anti-Flag
antibody. DNA amplification of the sequences of the star and cypllal genes was performed as described in F.

the negative feedback regulation of bile acid homeostasis induced testicular mRNA expression of shp from 6 h
(Goodwin et al. 2000; Lu et al. 2000). As fxra was ex- onward, and subsequently decreased the mRNA levels of
pressed in the interstitial cells (Fig. 1E), the possibility of star, cypllal, and 3B-hsd, highlighting the repressive
an involvement of FXRa in the regulation of testicular activity of SHP on steroidogenesis in the testis (Fig. 3C).
steroidogenesis was examined using the synthetic FXRa Consistent with the role of SHP in steroidogenesis, the
agonist GW4064. Consistent with the role of FXRa as a effects of GW4064 were lost in the SHP*/*~ mice. No
regulator of shp in the liver (Goodwin et al. 2000; Lu et change was observed in cypl7 mRNA following the ad-
al. 2000), administration of GW4064 also induced shp ministration of an FXRa agonist in SHP“*/“? mice (Fig.
mRNA expression in the testis (Fig. 3A). The up-regula- 3C), in line with the unaltered cyp17 mRNA expression
tion of shp mRNA by GW4064 was strictly FXRa depen- in SHPY/Y~ mice (Fig. 1B). The FXRa agonist induced an
dent, as GW4064 had no effect on shp mRNA levels in acute decline in both plasma (Fig. 3D) and testicular
FXRa~/~ mice (Fig. 3A). Interestingly, no differences in (data not shown) testosterone concentrations 12 h post-
the basal mRNA expression levels of shp and steroido- treatment in SHP*“> mice, but not in SHPY /%~ mice. In
genic genes such as star, cypllal, 3Bhsd-I, and cypl7 combination, these data confirm that the impact of
could be observed between FXRa'/* and FXRa ™/~ mice FXRa activation on the testicular steroidogenesis is me-
(data not shown). Consistent with this result, FXRa ™/~ diated via SHP.

mice had normal levels of plasma testosterone (Fig. 3B).

In view of the absence of a direct effect of FXRa defi-
ciency on steroidogenesis, we administrated an FXR ago-
nist as a way to induce SHP expression. Therefore, 12- As testosterone is an indisputable regulator of male fer-
wk-old SHP**/2 mice were given GW4064 and sacrificed tility via its cognate NR, the androgen receptor (AR:
6 and 12 h after administration of GW4064. GW4064 NR3C4) (De Gendt et al. 2004), we set out to determine

SHP-deficient mice have earlier sexual maturation
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Figure 3. Role of FXRa in testicular testosterone production.
(A) FXRa** and FXRa ™/~ mice (n = 4-5 per group) were injected
with GW4064 (50 mg/kg, intraperitoneally) or vehicle (DMSO)
for 6 h. Testicular SHP mRNA expression was analyzed by
quantitative RT-PCR. (B) Plasma testosterone levels in FXRa*/*
and FXRa ™/~ mice (n = 5). (C) Testicular mRNA expression of
shp, star, cypllal, 3B-hsd, and cyp17 in whole testis of SHP™*/
L2 and SHPY/* mice injected with GW4064 (50 mg/kg, intra-
peritoneally) or vehicle (DMSO) for 6 or 12 h (n = 6). All data are
expressed as relative values with the nontreated samples as-
signed a value of 1. (*) p < 0.05. (D) Plasma testosterone levels in
SHP™>/*> and SHP“/“ mice treated with GW4064 for 12 h
(n=6).(*) p<0.05.

the stage at which these male mice were able to repro-
duce, as an indicator of sexual maturation. Peripubertal
SHPY>/12 or SHPY /Y~ males (5 wk old) were housed to-
gether with sexually mature C57BL/6] females (8-10 wk
old). SHP*/*~ males successfully impregnated the fe-
males 8 d earlier compared with SHP*?>/*2 males (44 + 2 d
vs. 52 = 1 d of age, n =5, p < 0.001). There was no differ-
ence in the size of litters generated by SHP“*'2? or
SHPY/*~ males (data not shown).

To understand this advancement in sexual matura-
tion, we first analyzed the reproductive tract of SHP-2/-2
and SHPY /Y~ males. At 30 d, the epidydimides and the
seminal vesicles were already heavier in SHPY /'~ mice
compared with SHPY>/1? mice (Fig. 4A). By contrast, tes-
tis weight was lower in SHP*/*~ males (Fig. 4A). We
then analyzed the developmental expression pattern of
shp in the interstitial cells in testes of C57BL/6] mice. A
significant increase in the mRNA expression of shp was
observed between 23 and 30 d (Fig. 4B), suggesting that
shp increases during the process of Leydig cell matura-
tion, which leads to puberty. The attainment of puberty
in these mice was evidenced by a dramatic increase in

SHP coordinates male sexual maturation

the expression of Ihcgr in the interstitial cells. The in-
crease in shp expression coincided with the period when
the differences in the weight of reproductive organs
between SHP'?>'2 and SHP /Y~ mice became evident
(Fig. 4A). Interestingly, Irh-1 expression paralleled that of
Ihcgr and shp, whereas sf-1 mRNA expression did not
change as dramatically during the period leading to pu-
berty (Fig. 4B).

To further confirm the hypothesis that SHP is in-
volved in male sexual maturation via its effect on tes-
tosterone synthesis, we analyzed plasma testosterone
concentrations in SHP“>? and SHP*/*~ males during
the peripubertal period. Concentrations began to in-
crease sooner during the prepubertal development in
SHPY/Y~ compared with SHP*?>/*2 males (28 d vs. 35 d,
respectively) (Fig. 4C). This earlier capacity of SHPY/*~
males to produce testosterone could be attributed to the
precocious rise in testicular mRNA expression of lhcgr,
star, and cypllal, which increased between 28 and 30 d
postnatal in SHPY/Y~ males, as opposed to 35-44 d post-
natal in SHP"*'> males (Fig. 4D). In line with this ear-
lier induction of steroidogenic genes, at the age of 30 d,
the testicular mRNA expression of both Irh-1 and sf-1
was also higher in SHPY/*~ males as compared with
SHP*?/'> males (Supplementary Fig. Slc).

Intratesticular effects of androgens can sometimes be
observed before their increase in plasma levels can be
measured (Denolet et al. 2006). To exclude this possibil-
ity, we analyzed the expression of two AR target genes,
pem and claudin-11, in the testis before 30 d of age. No
differences in pem and claudin-11 mRNA expression
could be observed at either 20 or 28 d of age, but their
expression became higher in SHP*/*~ males relative to
SHPY>/12 at 30 d, when their plasma testosterone con-
centrations were already different (Supplementary Fig.
S1d). These results indicated that before the age of 30 d,
the intratesticular testosterone concentrations were not
different between the genotypes, or that the differences
were not enough to cause differential expression of AR
target genes. The absence of SHP might lead to an in-
crease in testosterone synthesis from 28 d of age onward
in SHP*/*~ males, as this timing is consistent with the
beginning of the increase of SHP expression in the inter-
stitial compartment of the normal testis (Fig. 4B).

Earlier germ cell differentiation in SHP*"*~ male mice

To further validate the role of SHP in sexual maturation,
we analyzed the age at which differentiated germ cells
were detectable in the seminiferous tubes. At the age
of 25 d, almost none of the seminiferous tubules had
elongated spermatids in the testes of both genotypes.
However, at 28 d a significantly higher number of sem-
iniferous tubules contained elongated spermatids in
SHP*/Y~ mice compared with SHP'*/'? mice (13% vs.
1%, respectively) (Fig. 4E,F). Consistent with their ear-
lier reproductive capacity, SHP*/*~ mice had 100% of
tubules with elongated spermatids at the age of 44 d,
whereas SHP*?>/*? males caught up with the SHPY /-
mice by 56 d of age (Fig. 4F).
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Figure 4. Early fertility and reproductive tract maturation in male SHP*/~ mice. (A) Weights of testis (T), epididymides (E), and
seminal vesicles (SV) normalized for body weight in SHP**/*? and SHPY/*~ mice (n = 6). (*) p < 0.05. (B) Expression of shp, Ihcgr, sf-1,
and Irh-1 mRNA in the interstitial testicular compartment in samples obtained at different stages of the postnatal development by
LMD (n = 3). Asterisk denotes difference from previous time point (p < 0.05). (C) Plasma testosterone concentrations from C57BL/6]
mice between 25 and 56 d (n = 6). (D) Testicular mRNA expression of Ihcgr, star, and cypI1al in whole testis of SHP*?/'? and SHP*~/~
mice during postnatal development (n = 6). Asterisk denotes significant difference between genotypes (p < 0.05), and number sign (#)
denotes difference in the same genotype with the previous time point. (E) Two representative micrographs of eosin-hematoxylin-
stained testis of 28-d-old SHP"*? and SHP“/*~. Arrows indicate elongated spermatids. (F) Testes from 20- to 56-d-old SHP**“? and
SHP™ /"~ mice were collected, processed for histology, and stained with eosin-hematoxylin. For each testis, the number of seminiferous
tubules showing elongated spermatids were counted, and the results are expressed as the number of positive tubules per 100 tubules
(n=6).(*) p<0.05. (G) Mean mRNA expression of shp in seminiferous tubular cells of the testes of C57BL/6] mice of different ages,
purified by LMD. (*) p < 0.05.

Intriguingly, the differential appearance of elongated
spermatids in the seminiferous tubules began between
25 and 28 d in SHP*/*~ mice (Fig. 4F), the period when
the plasma testosterone concentrations (Fig. 4C) and the
testosterone target genes in the testes were still un-
changed between SHP**/*? and SHP*/*~ males (Supple-
mentary Fig. S1d). Thus the earlier appearance of elon-
gated spermatids in SHPY /Y~ mice could not be attrib-
uted to the higher plasma testosterone levels alone. This
led us to presume that shp might be locally expressed in
the tubular cells during postnatal development and that
lack of its expression could lead to the precocious germ
cell maturation in SHPY/*~ mice. Consistent with this
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hypothesis, shp mRNA levels increased between 10 and
25 d in the tubular cells of the testis and then declined to
a nadir by the age of 80 d (Fig. 4G). This developmental
expression pattern of SHP suggested that in addition to
its role in the regulation of steroidogenesis, SHP could
also be implicated in germ cell differentiation.

SHP knockout mice have earlier meiotic entry
of germ cells

Germ cell differentiation is controlled by apoptosis, pro-
liferation, and differentiation (Wolgemuth et al. 2002).
Using TUNEL assay and Ki-67 immunostaining, we ex-



cluded differences in apoptosis and proliferation rates in
testis of SHP“*'? and SHP“/“~ males at 25 and 28 d
(Supplementary Fig. Sle,f). We then analyzed the expres-
sion of the cyclins specific to mitosis or meiosis (Fig.
5A). Between 11 and 20 d—well before the precocious
rise in the plasma testosterone concentrations—the
mRNA expression of the mitotic cyclins, cyclin a2
and cyclin d2, was lower in SHPY/Y~ compared with
SHP"?/'2 males. In contrast, in the same age period,
mRNA expression of the meiotic cyclin al and cyclin b2
was higher in SHP* /%~ males, suggesting earlier meiotic
differentiation of germ cells. This presumption was con-
firmed by the higher expression of two genes expressed
during germ cell maturation—the germ cell nuclear fac-
tor (genf), and the steroidogenic acute regulatory protein-
related lipid transfer domain 6 (stard6}—in SHPY /-
males of 20 d old (Fig. 5A).

SHP regulates germ cell differentiation
in the testis via the RA pathway

Male germ cell transition from mitosis to meiosis is
poorly understood. Since RA and the RA receptors
RARq, RARB, and RARy have been shown to be in-
volved in the germ cell transition to meiosis (Chung
and Wolgemuth 2004), we analyzed the expression of
the genes involved in the RA pathway in the testis of
SHP*/*~ and SHP'*? males. The RA target gene,
stimulated by RA gene 8 (stra8), has recently been shown
to be critical for meiotic initiation and progression of
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germ cells (Baltus et al. 2006; Bowles et al. 2006;
Koubova et al. 2006). Even though mRNA levels of rara,
rar, and rary did not differ between the two genotypes,
expression of stra8 was higher in the SHPY/Y~ mice at
the age of 8-15 d (Fig. 5B). Interestingly, this earlier in-
crease in stra8 expression preceded the increase in the
expression of the meiotic cyclin al and cyclin b2 (Fig.
5A) and the subsequent appearance of elongated sperma-
tids in the tubules of SHP“ /L~ testes (Fig. 4F). The ex-
pression of several other known RAR target genes—such
as disrupted meiotic gene 1 (dmc1), synaptonemal com-
plex protein 3 (scp3), caudal homeobox gene (cdx1), and
homeobox-al (hoxal}—was also higher in SHPY /Y~ mice
(Fig. 5B).

The earlier increase in the expression of RA target
genes, despite unaltered expression of RARs, indicated
that SHPY~/*~ testis could be submitted to enhanced RA
signaling. This hypothesis was supported by the de-
creased testicular expression of cyp26bl, an enzyme
that degrades RAs (Bowles et al. 2006) in the testis of
SHP*/“~ mice (Fig. 5B). Moreover, at the age of 9 d
the intratesticular concentrations of all-trans RA
were higher in a pool of testis collected from 20 SHPY /-
mice compared with a pool of testis collected from 20
SHP*?'2 mice (Fig. 6A). No difference, however, was ob-
served in the testicular concentrations of all-trans reti-
nol and all-trans retinylesters (Fig. 6A). Interestingly,
there was no difference in liver all-trans RA concentra-
tion between SHP“/“~ and SHP“*'> mice (data not
shown). Thus this increased availability of RA in testes
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Figure 5. Earlier germ cell differentiation in male SHP* /L~ mice. (A) Testicular mRNA expression of cyclin al, cyclin b2, cyclin a2,
cyclin d2, stardé, and genf in whole testis of 8-, 11-, 15-, 20-, 25-, 28-, and 30-d-old SHP*?>/*2 and SHP>~/*~ mice (n = 6). (*) p < 0.05. (B)
Testicular mRNA expression of rara, rar, rary, cyp26b1, stra8, scp3, cdx1, hoxal, and dmc1 in whole testis of 8-, 11- and 15-d-old

SHP"/2 and SHP*~/"~ mice (n = 6). (*) p < 0.05.
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Figure 6. Lack of SHP in the tubular testis compartment alters expression of genes involved in RA signaling. (A) Intratesticular
concentrations of all-trans RA, all-trans retinol, and all-trans retinylester in 9-d-old SHP*** and SHP*/*~ mice. Each sample
represents a pool of the testis of 20 mice. (B) mRNA expression of shp, stra8, hoxal, and cdx1 in F9 cells transfected with increasing
amounts of pPCMX-SHP (0-1 pg) (n = 3). Asterisk denotes difference from the previous amount of transfected pPCMX-SHP (p < 0.05), and
number sign (#) denotes difference between vehicle and atRA-treated cells. (C) ChIP of cross-linked DNA for RARy from F9-RAR~y*/*
and F9-RARy ™/~ using an anti-RARy antibody. A sequence of +100 bp covering either the RARE (A) or a sequence 4.0-2.4 kb upstream
of the RARE (B) was amplified. Results are expressed as fold enrichment over F9-RARy~/~ cells and represent amplification variability
(n = 4). (D) ChIP from F9-RARy*/* transfected with either pPCMV2 or pPCMV2-Flag-SHP using an anti-Flag antibody. DNA amplification
and expression of results were as in C. (*) p < 0.05. (E) mRNA expression of stra8, dmc1, and scp3 in whole testis of SHP*>*? and
SHP“/~ mice injected with GW4064 (50 mg/kg, intraperitoneally) or vehicle (DMSO) for 12 h (n = 6). (*) p < 0.05.

of the SHPY/*~ mice could underpin the enhanced ex-
pression of RAR target genes, including stra8, thereby
advancing the meiotic differentiation of the germ cells.

Another hypothesis that could explain the enhanced
RA signaling is an eventual repressive action of SHP on
RAR-mediated gene activation (Seol et al. 1996). In order
to verify whether such a direct effect of SHP may exist
on RAR activity, F9 cells were transfected with an in-
creasing amount of mSHP expression vector in the pres-
ence or absence of RA. SHP repressed the RA-induced
mRNA expression of stra8, cdx1, and hoxal in a dose-
dependent manner (Fig. 6B). SHP hence seems to sup-
press RAR target genes through an inhibition of RAR
activity. Such a potential interaction of SHP with RAR
on the promoters of RAR target genes was further exam-
ined by ChIP experiments. First, ChIP was performed in
wild-type or RARy knockout (RARy /") F9 cells using an
anti-RARy antibody. In wild-type cells, but not in the
RARy ™/~ cells, RARy was present on the RAR response
element (RARE) of the stra8, hoxal, and cdx-1 genes; no
RAR«y was present on a genomic DNA sequence +2.4 kb
upstream of the RAREs in these three RAR target genes
(Fig. 6C). ChIP was then performed using F9 cells that
were transfected with either pCMV2 or pCMV2-Flag-
SHP vectors (Fig. 6D). Using an anti-Flag antibody, SHP
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was specifically enriched only on the DNA sequences
surrounding the RAREs of the stra8, hoxal, and cdx1
promoters (Fig. 6D). The regulation of RAR target genes
by SHP was further supported by the fact that the mRNA
levels of stra8, dmci, and scp3 were lower in SHPM?/12
mice treated with the FXR agonist GW4064, which in-
duces SHP expression (Fig. 6E). This effect was lost in
SHP/Y~ males (Fig. 6E). In combination, these data
strongly suggest a repressive role of SHP on germ cell
differentiation that is linked to the inhibition of RA sig-
naling in the absence of which the mitotic germ cells
precociously embark on the meiotic pathway.

Discussion

The testis is a heterogeneous organ composed of differ-
ent cell types like germinal cells, Leydig cells, Sertoli
cells, and peritubular cells. Studies on the whole testis
are often confounded by this cellular complexity. So far,
the reported data on shp expression in the testis relied on
PCR or Northern blot analyses performed on samples
from whole testis, leading to the conclusion that shp is
expressed at very low levels in the testis (Johansson et al.
1999; Lu et al. 2001). The use of purified cells, obtained
by LMD, allowed us to determine that the NRs Irh-1,



fxra, and shp are highly expressed in the interstitial cells
of the adult testis. Furthermore, we also show that shp is
transiently expressed in the tubular cells of the seminif-
erous tubules of the testis during early postnatal devel-
opment and that its expression declines as the mouse
attains sexual maturity.

SHP is mainly known for its function in the regulation
of bile acid homeostasis, a role that was unequivocally
established by the characterization of two independently
derived SHP-deficient mouse models (Kerr et al. 2002;
Wang et al. 2002; L. Wang et al. 2003). Here, we demon-
strate that genetic deletion of shp results in a higher
testosterone production due to enhanced expression of
steroidogenic genes like star and cypllal. We have
shown that two nonmutually exclusive mechanisms
explain how SHP represses testicular steroidogenesis.
One works by inducing the mRNA expression of sf-1 and
Irh-1, and the other by directly inhibiting the transcrip-
tional activity of LRH-1. The fact that SHP* />~ males
produce higher levels of testosterone, despite smaller
testes, is intriguing. Nonetheless, there have been re-
ports wherein deletion of Fshb or Fshr resulted in de-
creased testicular size without affecting puberty and fer-
tility, demonstrating that the size of the testes does not
necessarily translate into male fertility (Dierich et al.
1998; Abel et al. 2000).

LRH-1 and SF-1 recognize the same DNA-binding sites
and have been shown to control the expression of many
steroidogenic genes (Bakke et al. 2001; Kim et al. 2004,
2005; Mueller et al. 2006). As SHP was known to repress
LRH-1, and both NRs are coexpressed in interstitial
cells, we hypothesized that LRH-1 might regulate tes-
ticular steroidogenesis. In support of this hypothesis, we
found that LRH-1*/~ mice expressed lower levels of star
and cypllal mRNA in testes, leading to significantly
lower circulating testosterone levels. This also ex-
plains the lower weights of epidydimides and seminal
vesicles in the LRH-1*/~ mice. As the expression of shp
increases significantly in the interstitial testicular com-
partment at the time of puberty (25-30 d of age), it is
reasonable to assume that SHP represses testosterone
production in part by inhibiting LRH-1 activity. How-
ever, the expression of the steroidogenic genes, such as
star, is controlled by multiple pathways (Manna et al.
2003), so it is too simplistic to assume that the effects of
SHP on steroidogenesis are all mediated by its interac-
tion with LRH-1. This idea of complexity is also enlight-
ened by the derepression of the sf-1 expression in SHPY/*~
mice.

The atypical NRs, Dax-1 and SHP, are structurally
similar in that they both lack a DNA-binding domain.
Furthermore, Dax-1 and SHP repress the transcriptional
activity of other receptors, with Dax-1 repressing SF-1
(Crawford et al. 1998) and SHP inhibiting LRH-1 (Lu et
al. 2000). The study of a Leydig cell-specific Dax-1-defi-
cient model suggested that Dax-1 controls only the ex-
pression of cyp19, the enzyme driving the aromatization
of androgens to estrogens (Wang et al. 2001). No effect of
Dax-1 on testicular testosterone production was demon-
strated in this study (Wang et al. 2001). The current re-
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sults, however, show that testicular testosterone produc-
tion might be subject to control by SHP, which regulates
the expression of several steroidogenic genes. This role
for both SHP and LRH-1 in androgen biosynthesis seems,
furthermore, to not be compensated by the SF-1/Dax1
signaling pathway.

Like LRH-1 and SHP, FXRa is also known for its role
in the transcriptional control of genes involved in the
enterohepatic recycling and detoxification of bile acids
(Russell 1999; Houten et al. 2006) as well as genes in-
volved in metabolic homeostasis (Francis et al. 2003).
Here we show that FXRa controls the testosterone pro-
duction in the interstitial compartment of the adult tes-
tis through the induction of SHP expression. Through
the characterization of animals that are genetically defi-
cient in SHP, LRH-1, or FXRa combined with a pharma-
cological approach using FXRa agonists, we elucidated
here a role for SHP, LRH-1, and FXRa in the regulation of
testicular testosterone biosynthesis that is analogous to
their function in bile acid homeostasis. The natural li-
gand that controls FXRa activity in the testis, and hence
initiates the feedback inhibition of steroidogenesis, re-
mains to be identified. FXRa has been shown to be acti-
vated by conjugated and unconjugated bile acids, but it
needs further study to define whether circulating levels
of endogenous bile acids are able to affect testicular shp
expression under physiological conditions. However, it
is of interest to note that some androgen catabolites like
androstedione have been shown to be potential FXRa
ligands (Howard et al. 2000; Wang et al. 2006) that could
control a testicular feedback loop to repress androgen
production.

In addition to its role in androgen synthesis, this study
revealed another function of SHP during postnatal tes-
ticular development. SHP*/*~ mice showed an earlier
differentiation of germ cells compared with control lit-
termates, as suggested by the number of tubules showing
elongated spermatids. Germ cell production by the testis
is complex and involves different processes like cell pro-
liferation, apoptosis, and differentiation (Weinbauer et
al. 2001). In SHP*/*~ mice, the earlier germ cell differ-
entiation did not involve alterations in apoptosis or cell
proliferation. It seems, however, that SHP* /'~ germ
cells transit earlier from a mitotic to a meiotic state,
underpinning the earlier germ cell differentiation in
SHP™/*~ males. This hypothesis is supported by the de-
creased expression of mitotic cyclin a2 and cyclin d2, the
induction of meiotic cyclin al and cyclin b2, and the
higher expression of genes typical of germ cell matura-
tion, such as genf and stardé.

So far, the molecular mechanisms triggering the ini-
tiation of germ cell differentiation, and in particular the
mitotic/meiotic transition, are not completely under-
stood. Our results indicate that the RA metabolic path-
way is affected by the absence of SHP as shown by the
altered expression of several RAR target genes. Among
them, stra8, which has recently been demonstrated to be
critical for meiotic initiation (Baltus et al. 2006; Bowles
et al. 2006; Koubova et al. 2006), was induced in the
SHP“/~ mice. This increased expression of stra8 could
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be driven by the increased levels of RA in the testis of the
SHP“/Y~ mice. This presumption is supported by the
recent demonstration of increased stra8 expression and
the initiation of germ cell meiosis in response to RA
administration to immature mice (Koubova et al. 2006).
In the SHPY/*~ mice, there is a sequential increase in
stra8 mRNA (8 d), followed by the modification of cyclin
mRNA expression (11-20 d) and by the induction of
genes expressed during the germ cell maturation (20 d).
This sequence of events supports the hypothesis that
SHP is involved in the control of germ cell differentia-
tion through the regulation of the expression of the ret-
inoic target gene, straS8.

The improved RA signaling in the SHPY /Y~ mice is in
part driven by a higher local concentration of all-trans
RA in the testis of 9-d-old mice. The reduced expression
of cyp26b1, which degrades RA, can surely contribute to
the higher local levels of RA in the testis of SHP* /%~
mice. The mechanism by which cyp26b1 is down-regu-
lated in the SHP“ /%~ mice, however, remains unclear at
this stage. Furthermore, SHP directly represses the ex-
pression of several RAR target genes like stra8, hoxal,
and cdx-1. This is in part explained by the fact that SHP
is known to directly repress the transcriptional activity
of the RARs (Seol et al. 1996). Consistent with this
study, we detected both RARy and SHP on the RARESs of
the stra8, hoxal, and cdx1 promoters in F9 cells. Fur-
thermore, the reduction of RAR target genes in the testis
of animals treated with a synthetic FXR agonist, result-
ing in the induction of SHP, is also in line with a direct
repressive effect of SHP on RAR activity.

In conclusion, our data support a novel function of the
NR SHP in the control of testicular androgen synthesis.
On the one hand, SHP suppresses the mRNA expression
of sf-1 and Irh-1. On the other hand, SHP acts through
directly repressing the transcriptional activation of the

Figure 7. Proposed model for the role of
SHP in the onset of fertility. Our results in-
dicate that SHP regulates the timing of fer-
tility in the male via its repressive actions
on testicular testosterone biosynthesis and
on the entry of germ cells into meiosis. As
shp expression in the seminiferous tubules
increases during the late prepubertal period,
its absence leads to the increased expression
of meiosis-inducing genes like stra8. This

effect is in part explained by the higher tes-

ticular RA levels and in part by the lack of Ism4:l
the repressive activity of SHP on RARs. The l cholesterol
increase in testicular RA could be explained »

; transcription
? [ factor
v < FXR

cypiﬁb 1

steroidogenic genes by LRH-1. In addition, our data sug-
gest that SHP is also involved in the control of germ cell
differentiation. SHP reduces the local intratesticular RA
levels and directly represses the activity of the RARs,
hence reducing the expression of the critical RAR target
gene stra8, which is key for the transition of mitotic
germ cells into meiosis. Based on these findings, SHP
turns out to be a gatekeeper at the testicular level to
regulate the timing of sexual maturation (Fig. 7).

Materials and methods

Animals

SHP">™? mice were generated according to the general condi-
tional gene targeting strategy (Argmann et al. 2005) as part of a
systematic effort at the Mouse Clinical Institute to generate
alleles flanked by LoxP sites (“floxed” alleles) for all of the 49
NRs in the mouse (Supplementary Fig. S2; details available
upon request). Briefly, following electroporation and selection,
targeted 129sv ES cell clones were injected in C57BL/6] blasto-
cysts that were implanted in foster mothers. Chimeric mice
were then bred with C57BL/6] mice that express the Flp-recom-
binase under the control of the CMV promoter to excise the
neomycin selection marker that was flanked by Frt sites. This
breeding yielded offspring in which the SHP allele was flanked
by two LoxP sites. Breeding these “floxed” SHP mice (SHP?/?
or wild-type mice) with mice that express the Cre-recombinase
under the control of the CMV promoter generated SHP-deficient
mice (SHP* /Y~ or SHP knockout mice). Primers used for geno-
typing are available upon request. The generation of both LRH-
1*/~ mice (Botrugno et al. 2004) and FXRa ™/~ mice (Sinal et al.
2000) was described. SHP mice used in this study were main-
tained on a mixed background (C57BL/6J/129sv), whereas the
LRH-1*/~ and FXRa™/~ mice were on C57BL/6] and 129sv back-
ground, respectively. All mice were housed in temperature-con-
trolled rooms with 12-h light/dark cycles. Mice had ad libitum
access to food and water. Mice were injected intraperitoneally
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with 50 mg/kg GW4064 (a gift from M. Schwartz, Hoffman La
Roche Pharmaceuticals Division, Basel, Switzerland) or vehicle
(DMSO). Mice treated with GW4064 were sacrificed 6 or 12 h
post-treatment. Animal protocols were approved by the regional
ethics committee.

LMD

Cryosections (25 pm thick) of the fresh-frozen testes were cut at
-16°C, thaw-mounted onto PEN slides (Leica), stained with to-
luidine blue, and dehydrated in 70% and 100% ethanol followed
by incubation for 1 h at 37°C. The interstitial and tubular cells
were obtained by LMD (Leica AS LMD) at 20x—40x magnifica-
tion. Upon collection of ~5000-10,000 cells, total RNA was
purified per the manufacturer’s protocol (RNeasy microkit, Qia-
gen). The typical quantity of RNA purified was ~40 ng, with a
288:18S rRNA ratio of 1.6:1.7.

Histology

Testes from mice at different ages were collected, formalin-
fixed, and embedded in parafin, and 6-pm thick sections were
prepared and stained with hematoxylin/eosin (n = 3-5 animals
per group). In each testis, the number of seminiferous tubules
showing elongated spermatids was counted and reported as per-
centage of tubules counted.

Hormone assays

Testosterone concentrations were measured in the plasma or in
frozen testis extracted with 10 vol of ethylacetate-isooctane
(30:70, v:v). A commercial kit (ICN) was used for the assays. LH
was determined on heparin-treated plasma by the Core Services
of the University of Virginia Center for Research and Reproduc-
tion. RA concentration was measured in pooled testis of 20
SHP?/'2 and SHP>/Y~ mice of 9 d of age by AS Vitas.

Quantitative RT-PCR

RNA from adrenals, pituitary, and laser-microdissected samples
were isolated using the RNeasy kit (Qiagen). RNA from liver
and testis were isolated using the Trizol method (Invitrogen
Corporation). cDNA was synthesized from total RNA with the
SuperScript II First-Strand Synthesis System (Life Technologies)
and random hexamer primers. Quantitative RT-PCR measure-
ments of individual cDNAs were performed using SYBR green
dye to measure duplex DNA formation with the Roche Light-
Cycler system. Results were normalized to 18S rRNA levels.
Sequences of the primers sets used are available at http://igbmec.
fr/recherche/Dep_GPSN/Eq_JAuwe/Publi/Paper.html.

Transient transfections

The mouse star promoter luciferase reporter plasmid (X.]. Wang
et al. 2003), containing DNA sequence between -966 and +18
base pairs (bp) from the transcription initiation site (p-966star/
Luc), was kindly provided by D. Stocco (Texas Tech University
Health Sciences Center, Lubbock, TX). The pCMX expression
vectors for mLRH-1 (Botrugno et al. 2004) and mSHP (Brendel et
al. 2002) have been described. COS-1 cells were transfected with
lipofectamin (Invitrogen) in 24-well plates. star promoter lucif-
erase reporter construct (90 ng) was added in combination with
the expression plasmid encoding for B-galactosidase (90 ng),
with empty pCMX or pCMX-mLRH-1 (20 ng) and increasing
amounts of pPCMX-mSHP (0-40 ng). The quantity of DNA was
maintained constant by the addition of empty pCMX vector to
a total amount of 240 ng of DNA per well. Cells were harvested
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24 h later and assayed for luciferase and B-galactosidase activity.
Luciferase values were normalized to B-galactosidase activity
(Schoonjans et al. 1996).

F9 cells were transfected with lipofectamin (Invitrogen) in
six-well plates. Increasing amounts of pCMX-mSHP (0-1 ug)
were added in combination with pCMX to maintain DNA quan-
tity constant at 1 pg. After 24 h of transfection, cells were in-
duced for 24 h with either vehicle or 107’M of all-trans RA
dissolved in DMSO, and further processed for mRNA analysis
using Trizol extraction method.

TUNEL analysis and Ki-67 staining

Cryosections of testis (10 nm) were fixed in PFA 4% for 10 min,
permeabilized with 0.1% Triton, 0.1% citrate solution in PBS
for 2 min at 4°C. TUNEL was performed with the in situ cell
Death Detection kit (Roche Diagnostic). For the Ki-67 staining,
sections were incubated overnight at 4°C with anti-Ki67 1/500
(Tebu-bio) then incubated 1 h at 21°C with a goat anti-rabbit
secondary antibody labeled with Alexa 488 (Invitrogen). In each
testis, at least 100 random seminiferous tubules were counted.
Results are expressed as the number of TUNEL- or Ki-67-posi-
tive cells per 100 seminiferous tubules.

ChIP assay

ChIP was carried out following the protocol provided by the
manufacturer (Upstate Biotechnology) using TM3 Leydig
cells, F9 cells, and F9-RARy ™/~ cells (kindly provided by Dr. C.
Rochette-Egly, Institut de Génétique et de Biolgie Moléculaire
et Cellulaire, Illkrich, France) as starting material. Sequences
of the primer sets used to amplify the genomic DNA sequen-
ces of the star, cypllal, stra8, hoxal, and cdxl genes are
listed at http://igbme.fr/recherche/Dep_GPSN/Eq_JAuwe/Publi/
Paper.html.

These primers were designed to amplify +100-bp fragments of
DNA surrounding either the SF-1/LRH-1 or RAREs previously
described on the promoters of the star (Caron et al. 1997),
cypllal (Ben-Zimra et al. 2002), stra8 (Giuili et al. 2002), hoxal
(Langston and Gudas 1992), and cdx1 (Houle et al. 2000) genes.

Statistical analysis

All data are expresssed as mean = SEM, except if stated other-
wise. Student’s t-test and analysis of variance (ANOVA) were
performed to analyze differences between studied groups. Fish-
er’s least-significant-difference method was used for multiple
comparisons upon overall significant effect by ANOVA. Aster-
isk denotes significant difference between genotypes unless
stated otherwise. A P value of <0.05 was considered significant.
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