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The osteoblast-derived hormone osteocalcin promotes testosterone biosynthesis in the mouse testis by bind-
ing to GPRC6A in Leydig cells. Interestingly, Osteocalcin-deficient mice exhibit increased levels of luteinizing 
hormone (LH), a pituitary hormone that regulates sex steroid synthesis in the testes. These observations raise 
the question of whether LH regulates osteocalcin’s reproductive effects. Additionally, there is growing evi-
dence that osteocalcin levels are a reliable marker of insulin secretion and sensitivity and circulating levels of 
testosterone in humans, but the endocrine function of osteocalcin is unclear. Using mouse models, we found 
that osteocalcin and LH act in 2 parallel pathways and that osteocalcin-stimulated testosterone synthesis is 
positively regulated by bone resorption and insulin signaling in osteoblasts. To determine the importance of 
osteocalcin in humans, we analyzed a cohort of patients with primary testicular failure and identified 2 indi-
viduals harboring the same heterozygous missense variant in one of the transmembrane domains of GPRC6A, 
which prevented the receptor from localizing to the cell membrane. This study uncovers the existence of a 
second endocrine axis that is necessary for optimal male fertility in the mouse and suggests that osteocalcin 
modulates reproductive function in humans.

Introduction
Osteocalcin is an osteoblast-specific secreted protein that, when 
undercarboxylated, is a multifunctional hormone. It acts on pan-
creatic β cells to increase insulin secretion, on muscle and white 
adipose tissue to promote glucose homeostasis, and on Leydig cells 
of the testis to favor testosterone biosynthesis following its binding 
to a specific receptor, GPRC6A (1–6). The biological relevance of 
its latter function is evidenced by the fact that male mice lacking 
Osteocalcin or this receptor specifically in Leydig cells demonstrate 
a marked reduction of circulating testosterone levels, a decrease in 
sperm count, and mediocre fertility (2, 4). These findings raise a 
series of questions. The answers to these questions are needed to 
establish the biological importance of this function of bone.

For instance, a remarkable feature of the reproduction phenotype 
observed in Osteocalcin-null (Osteocalcin–/–) mice is that it develops in 
the face of an increase in circulating levels of luteinizing hormone 
(LH), a pituitary hormone that is the main regulator of sex steroid 
synthesis by Leydig cells (7–9). This situation raises the following 
question: Does osteocalcin act downstream of LH or does this 
feature reveal the existence of 2 different pathways, one pituitary 
dependent and one bone dependent, that would both be necessary 
for male fertility? If the latter case is true, then the next question 
is this: how is the reproductive function of osteocalcin regulated?

A second important issue raised by the demonstration that 
osteocalcin is a hormone in the mouse is whether that is also the 
case in humans. While there is a growing body of evidence that 
osteocalcin serum levels are a reliable indicator of the degree of 

insulin secretion, insulin sensitivity, and circulating serum tes-
tosterone levels in humans (10–13), there is, for now, no genetic 
evidence establishing that osteocalcin fulfills its endocrine func-
tions in humans. The identification of a functional osteocalcin 
receptor, and the realization that osteocalcin influences male fer-
tility provide an opportunity to address this issue by searching 
for mutations in either Osteocalcin or GPRC6A in a well-defined 
pathological context, namely in patients with peripheral testicu-
lar failure of unknown origin.

In addressing these 2 issues, we first provide evidence obtained 
through cell-specific gene deletion experiments in the mouse 
that support the existence of a pancreas-bone-testis axis favoring 
male fertility acting in parallel to and independently of the hypo-
thalamus-pituitary-testis axis. In trying to expand the biological 
relevance of osteocalcin from mouse to human, we identified in  
2 patients with peripheral testicular failure the same amino acid 
substitution affecting a highly conserved residue in 1 of the 7 
transmembrane domains of GPRC6A. This mutation prevents this 
receptor from reaching the cell membrane and acts in a dominant 
negative manner in cell culture and in vivo. Together, these results 
shed new light on the regulation of male fertility in vertebrates.

Results
Osteocalcin and LH define 2 modes of regulating male fertility in the mouse. 
The main endocrine pathway regulating male fertility is the hypo-
thalamo-pituitary axis, in which LH, a heterodimer between an 
α-subunit common to several peptide hormones and a β-subunit 
specific to LH, favors testosterone biosynthesis (7, 14, 15). 
Although less severe, the reproductive phenotype of Osteocalcin–/– 
and Gprc6a–/– male mice bears some resemblance to the one seen 
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Figure 1
Analysis of the rescue of male fertility phenotype in Lhb–/– male mice after osteocalcin injections. (A) Measurement of the uncarboxylated (GLU-
OCN), carboxylated (GLA13-OCN), total (total-OCN), and undercarboxylated (GLU13-OCN) forms of osteocalcin in the serum of 10-week-old 
Lh-deficient mice (Lhb–/–) (n = 7) versus WT (n = 5). (B) Circulating testosterone levels in 12-week-old WT (n = 5) and Lhb–/– (n = 7) mice and in 
Lhb–/– mice injected for 1 month with PBS (n = 8) or osteocalcin (3 ng/ml) (n = 5). (C and D) Testes cross-sections of WT and Lhb–/– injected for  
1 month with PBS, osteocalcin (3 ng/g/d) or hCG (5 UI twice a week). (C) Histological demonstration of the interstitial tissue hypoplasia (2 first rows) 
and of the absence of spermatogenesis (2 last rows) observed in Lhb–/– mice. While injections of hCG rescue the phenotype, PBS or osteocalcin 
do not. The black line delimits the frame zoom shown in the second row. The head arrows point to the interstitial tissue containing Leydig cells. Rsp, 
round spermatids; Esp, elongated spermatids. (D) Immunofluorescence, using anti-Cyp17, anti-3β-HSD, or anti-Cyp11a antibodies as markers of 
mature Leydig cells. (E) Testis size and (F) testis weight normalized to BW (mg/g of BW) in Lhb–/– mice injected with PBS (n = 8), osteocalcin (n = 4),  
or hCG (n = 3) compared with WT mice. All analyses were performed on nonbreeder C57BL/6J mice. Scale bar: 100 μm. *P < 0.05; **P < 0.01.
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in Lhb–/– (LH-deficient) male mice, as they are both characterized 
by a defect in testosterone synthesis and testosterone-dependent 
events (2, 3, 7). However, LH circulating levels are high in Osteocal-
cin–/– male mice. These observations prompted us to ask whether 
LH may regulate osteocalcin reproductive function.

If this were the case, one would expect that circulating levels 
of the undercarboxylated (active) form of osteocalcin should be 
low in Lhb–/– male mice and that injections of osteocalcin would 
rescue, completely or at least in part, the hypotestosteronemia of 
Lhb–/– male mice. However, circulating levels of undercarboxyl-
ated (GLU13) osteocalcin were not lower in Lhb–/– than in WT 
male mice (Figure 1A), and daily injections of osteocalcin for 
1 month in 6-week-old Lhb–/– male mice did not normalize cir-
culating testosterone levels (Figure 1B). Moreover, histological 
analysis of testes of 10-week-old Lhb–/– male mice injected with 
osteocalcin failed to show any improvement in spermatogenesis 
or a reversal of their Leydig cell hypoplasia (Figure 1, C and D, 

and Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/JCI65952DS1). The dose 
of osteocalcin used in this experiment was chosen because it 
is sufficient to increase testosterone synthesis by Leydig cells 
in culture (2). Immunofluorescence analysis of mature Leydig 
cells using anti-Cyp17, anti–3β-HSD or anti-Cyp11a antibodies 
showed that daily injections of osteocalcin for 30 days did not 
increase the number of Leydig cells in Lhb–/– male mice, while 
injections of the placental homolog of LH, human chorionic 
gonadotropin (hCG), did (Figure 1D and Supplemental Figure 
1A). Therefore, and unlike what was achieved by hCG injections, 
osteocalcin injections did not increase testis size and weight, Ley-
dig cell count, or spermatogenesis in Lhb–/– male mice (Figure 1, 
E and F). This was not due to a poor bioactivity of the recom-
binant protein, since the same preparation of osteocalcin cor-
rected all reproductive abnormalities seen in Osteocalcin–/– mice 
but not in Gprc6a–/– mice (Figure 2). To rule out that the failure 

Figure 2
Analysis of Osteocalcin–/– male mouse fertility 
after hCG or osteocalcin injection. Sperm count 
(A); testis (B), epididymal (C), and seminal vesicle 
(D) weights normalized to BW (mg/g of BW), (E) 
circulating testosterone levels in WT and Osteo-
calcin–/– mice at 10 weeks of age, both injected 
either with PBS (WT, n = 20; Osteocalcin–/–; n = 14;  
Gprc6a–/–, n = 7), hCG (WT, n = 12; Osteo-
calcin–/–, n = 8; Gprc6a–/–, n = 6) (5 UI, twice a 
week), or osteocalcin (WT, n = 6; Osteocalcin–/–,  
n = 6; Gprc6a–/–, n = 6) (3 ng/g/d). All analyses 
were performed on nonbreeder 129/Sv mice. Error 
bars represent SEM. *P < 0.05, Student’s t test. 
Specifically, P < 0.05 versus WT injected with 
hCG (5 UI, twice a week); and P < 0.05 versus WT 
injected with osteocalcin (3 ng/g/d).
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of the osteocalcin injections to increase testis weight was due to 
the fact that they were performed in adult mice, we repeated this 
experiment in 10-day-old Lhb–/– mice that were injected for 30 
days with either hCG (5 UI, twice a week) or osteocalcin (3 ng/g 

of BW, daily). Here again, while hCG treatment increased Leydig 
cell number, osteocalcin did not (Supplemental Figure 1B).

To further distinguish between LH-dependent and osteocalcin-
dependent regulation of male fertility, we performed the reverse 

Figure 3
The osteocalcin reproductive function is hampered in the absence of proper bone resorption. (A) Schematic representation of the strategy used 
to generate Ctsk-Cre;DTAfl/+ male mice. (B–D) Histological and histomorphometric analyses of vertebrae in control (n = 8) and Ctsk-Cre;DTAfl/+  
(n = 9) male mice 4 months after transplantation. (B) Von Kossa/Van Giesen staining. Bone volume over trabecular volume (BV/TV%) is indicated 
below the pictures. (C) TRAP staining to reveal osteoclasts. Osteoclast surface per bone surface (Oc.S/BS [%]) and number of osteoclasts per 
bone trabecular surface (N. Oc/Bpm [1 mm]) are indicated below the pictures. (D) Toluidine blue staining showing an important presence of carti-
lage remnants (indicated by the asterisk) in Ctsk-Cre;DTAfl/+ male mice versus WT. (E) Measurement of uncarboxylated, carboxylated, total, and 
undercarboxylated forms of osteocalcin in the serum of 10-week-old Ctsk-Cre;DTAfl/+ versus WT male mice. (F) Sperm counts and (G) circulating 
testosterone levels; (H–J) testis, epididymal, and seminal vesicle weights normalized to BW (mg/g of BW) in Ctsk-Cre;DTAfl/+ (n = 12) versus WT  
(n = 11) male mice. (K) Circulating LH measurement in control and Ctsk-Cre;DTAfl/+ mice. (L) qPCR analysis of the expression of steroidogenic 
acute regulatory protein (StAR), cholesterol side-chain cleavage enzyme (Cyp11a), cytochrome P-450 17 α (Cyp17), 3-β-hydroxysteroid dehydro-
genase (3β-HSD), aromatase enzyme (Cyp19), and 17- β-hydroxysteroid dehydrogenase (HSD-17) in Ctsk-Cre;DTAfl/+ (n = 12) compared with WT 
(n = 11) male mice. All analyses presented were performed on nonbreeder C57BL/6J mice. Scale bars: 200 μm). *P < 0.05; **P < 0.01; ***P < 0.001.
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experiment. Namely, we injected 6-week-old Osteocalcin–/– or Gprc6a–/– 
male mice with hCG (5UI, twice a week) for 1 month, reasoning that 
if osteocalcin were a mediator of LH reproductive function, these 
injections would not improve the reproductive abnormalities seen 
in Osteocalcin–/– mice. Instead, this treatment normalized all param-
eters analyzed: testes, epididymal, and seminal vesicle weights, sperm 
count, and testosterone circulating levels in Osteocalcin–/– male mice. 
Finally, circulating LH level was equally decreased in WT and Osteo-
calcin–/– serum after treatment with hCG (Supplemental Figure 1C). 
Taken together, these experiments suggest that LH promotes testos-
terone biosynthesis in an osteocalcin-independent manner.

Osteocalcin and LH do not regulate each other. In the next set of experi-
ments, we asked whether osteocalcin regulates Lh expression and/
or whether LH regulates Osteocalcin expression. For Osteocalcin 
to regulate Lh expression it would first require that its receptor,  
Gprc6a, is expressed in the hypothalamus or the pituitary gland.

To address this issue, we first studied the Gprc6a endogenous 
pattern of expression of by in situ hybridization. While expression 
of this gene could be detected in Leydig cells, it was undetectable 
in the hypothalamus and pituitary gland. Concerned that this 
technique was not sensitive enough, we then used a second and 
more sensitive assay, quantitative PCR (qPCR), to measure Gprc6a 
expression. As an internal negative control of specificity, we also 
used in this experiment tissues originating from Gprc6a–/– mice. 
This assay failed to detect any expression of Gprc6a in the hypo-
thalamus and pituitary gland in WT mice above what was seen in 
Gprc6a–/– mice (Supplemental Figure 2, A and B). We verified that 
the primers used could detect Gprc6a expression in WT but not 

Gprc6a–/– testes (Supplemental Figure 2B). Taken together, these 
2 different experiments indicate that the regulation of testoster-
one synthesis by osteocalcin in Leydig cells cannot be ascribed to a 
measurable influence of osteocalcin signaling through Gprc6a in 
the hypothalamus or the pituitary gland.

Conceivably, however, LH could be required for osteocalcin stim-
ulation of testosterone biosynthesis by Leydig cells. Evidence from 
2 experiments suggested that this is not the case. First, the positive 
effect of osteocalcin on testosterone synthesis in Leydig cells was 
recorded when cells were maintained in serum-free medium, i.e., 
in the total absence of LH (2). Second and more directly, in cell 
culture, hCG does not regulate expression of Osteocalcin or of genes 
modifying it in osteoblasts (Supplemental Figure 3, A–C). Hence, 
taken collectively, results presented in Figures 1 and 2 suggest the 
notion that osteocalcin regulates male fertility independently of 
the hypothalamo-pituitary-axis; they also failed to provide any evi-
dence that LH regulates Osteocalcin expression.

Bone resorption as a determinant of osteocalcin reproductive function in 
the mouse. By dissociating pituitary-dependent from bone-depen-
dent regulation of male fertility, the experiments presented above 
raised the question of the identity of upstream regulators of osteo-
calcin reproductive function.

That the ability of osteocalcin to favor glucose homeostasis is 
determined by osteoclastic bone resorption prompted us to ask 
whether male fertility was another physiological function to be 
added to the credit of bone resorption (16). To address this ques-
tion, we relied on 2 mouse models, a loss-of-function model and 
a gain-of-function model.

Figure 4
An increase in osteoclast number favors both osteocalcin activity and male fertility. (A) Measurement of the uncarboxylated, carboxylated, total, 
and undercarboxylated forms of osteocalcin in serum of WT (n = 12), Opg–/– (n = 10), and Opg+/– mice (n = 10). (B) Sperm count; (C) testis, 
(D) epididymal; and (E) seminal vesicle weights normalized to BW (mg/g of BW). (F) Circulating testosterone levels in WT (n = 12), Opg–/–  
(n = 10), Opg+/– (n = 10), and Osteocalcin+/–; Opg+/– (n = 6) mice at 12 weeks of age. (G) qPCR analysis of the expression of StAR, Cyp11a, 
Cyp17, 3β-HSD, Cyp19, and HSD-17 in Opg–/– (n = 10) and Opg+/– (n = 10) compared with WT (n = 12) male mice. (H) Circulating LH measure-
ment in Opg–/– (n = 10) and Opg+/– (n = 10) compared (%) with WT (n = 12) male mice. All analyses presented were performed on nonbreeder 
C57BL/6J mice. *P < 0.05; **P < 0.01; ***P < 0.001.
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First, we generated a mouse model demonstrating a profound 
depletion of the mature osteoclasts population by crossing Ctsk-Cre 
mice, in which the Cre recombinase is expressed in mature osteo-
clasts only (17), with DTAfl/+ mice that express a flox-stop-flox diph-
theria toxin subunit α gene (DTA) cassette under the control of the 
Rosa26 locus (18). DTAfl/+ mice are phenotypically WT because the 
flox-stop-flox cassette present in front of the DTA gene prevents 
expression of the DTA protein in any tissues. However, Cre-mediat-
ed removal of the stop cassette in osteoclasts only, in Ctsk-Cre;DTAfl/+ 
double knockin mice, leads to osteoclast-specific expression of DTA, 
a toxic protein, and osteoclast death (Figure 3A).

Ctsk-Cre;DTAfl/+ mice developed a classical osteopetrosis pheno-
type characterized by very dense bones, as seen in x-rays, and the 
absence of incisor eruption because of a severe impairment in bone 
resorption (Supplemental Figure 4A). All mutant animals died 
between 2 and 3 weeks of age. To circumvent this postnatal lethal-
ity, we transplanted Ctsk-Cre;DTAfl/+ fetal liver HSCs into WT irra-
diated adult mice; since osteoclasts are of hematopoietic origin, 
mice transplanted with Ctsk-Cre;DTAfl/+ HSCs should be depleted 
of osteoclasts. Four months after transplantation, bone and fertil-
ity phenotypes of these animals were analyzed.

Bone histomorphometry verified that Ctsk-Cre;DTAfl/+ trans-
planted mice developed a high bone-mass phenotype due to a 
15-fold decrease in the number of osteoclasts (Figure 3, B and C). 
The presence of cartilage remnants characterized this osteopetro-
sis phenotype (Figure 3D). These osteopetrotic mice showed more 
than a 2-fold decrease in the undercarboxylated (GLU13) form 
of osteocalcin (Figure 3E). This is more severe than what is seen 
in Osteocalcin+/– mice (17). Ctsk-Cre;DTAfl/+ transplanted mice also 
demonstrated a significant reduction in their sperm count and 
circulating testosterone levels (Figure 3, F and G). Testes, epididy-
mal, and seminal vesicle weights were also reduced, while circulat-

ing LH levels were higher in Ctsk-Cre;DTAfl/+ mice (Figure 3, H–K, 
and Supplemental Figure 8A). Moreover, expression of the genes 
encoding the major enzymes required for testosterone biosynthe-
sis (StAR, Cyp11a, Cyp17, 3β-HSD) was decreased in Ctsk-Cre;DTAfl/+ 
testes, while expression of HSD-17 and Cyp19a was not (Figure 
3L). These phenotypic and molecular abnormalities mimic what 
is seen in Osteocalcin–/– male mice (2), suggesting that osteoclastic 
bone resorption is necessary for normal male fertility by increasing 
osteocalcin bioactivity. To add support to this notion, we treated 
Ctsk-Cre;DTAfl/+ transplanted mice with recombinant osteocal-
cin (3 ng/g of BW, 30 days). At the end of this treatment period, 
the defects in testes, epididymides, and seminal vesicle weights, 
sperm count, and circulating testosterone levels observed in Ctsk-
Cre;DTAfl/+ transplanted mice had all been corrected (Supplemen-
tal Figure 4, B–D). The detrimental effects of irradiation on sper-
matogenesis and testis function could certainly explain the lower 
values of the data presented in Figure 3.

Second, to add credence to the notion that bone resorption is 
a determinant of the ability of osteocalcin to regulate male fer-
tility, we next studied a gain of function model. Osteoprotegerin 
(OPG) is a decoy receptor inhibiting the function of the osteo-
clast differentiation factor RANKL, and both Opg+/– and Opg–/– 
mice are osteoporotic because of a vast increase in the number of 
osteoclasts (19). We noted that there was in Opg–/– mice a massive 
increase in the undercarboxylated (GLU13), i.e., active form of 
osteocalcin (Figure 4A). A smaller increase of undercarboxylated 
osteocalcin was also observed in Opg+/– mice. Consequently, testes, 
epididymides, and seminal vesicle weights, sperm count, and cir-
culating testosterone levels were all increased in Opg–/– mice and to 
a lesser extent in Opg+/– (Figure 4, B–F, and Supplemental Figure 
8B), and expression of StAR, Cyp11a, Cyp17, 3β -HSD was increased 
in Opg+/– and Opg–/– testes while expression of HSD-17 and Cyp19a 

Figure 5
Insulin signaling in osteoblasts favors testosterone production. (A) Testis size, and (B) testis, (C) epididymal, and (D) seminal vesicle weights 
normalized to BW (mg/g of BW); (E) sperm count; (F) circulating testosterone levels in InsRosb

–/– versus WT male mice. (G) qPCR analysis of 
the expression of StAR, Cyp11a, Cyp17, 3β-HSD, Cyp19, and HSD-17 genes in testes of InsRosb

–/– (n = 10) and WT (n = 12) mice. All analyses 
presented were performed on nonbreeder mix background (129/Sv: 87.5%; 129/Sv: 12.5%) mice. *P < 0.05; **P < 0.01.
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was not (Figure 4G). Finally, circulating LH levels were lower in 
Opg+/– and Opg–/– compared with WT serum.

Third, to more firmly establish that it is the increase in undercar-
boxylated osteocalcin that explains the male reproduction pheno-
type of Opg-deficient mice, we took advantage of the fact that the Opg 
mutation is dominant and therefore that Opg+/– mice have an increase 
in bone resorption and in male fertility parameters (Figure 4).  
Hence, we asked what would be the consequences of deleting 1 
allele of Osteocalcin from Opg+/– mice (Opg+/–;Osteocalcin+/–). The cir-
culating levels of the undercarboxylated form of osteocalcin that 
were high in Opg+/– were normalized in Opg+/–;Osteocalcin+/– male 
mice (Supplemental Figure 5). Taken together, results gathered 
from the analysis of loss- and gain-of-function models of bone 
resorption indicate that, in the mouse, bone resorption is a physi-
ological determinant of osteocalcin’s regulation of male fertility 
through its ability to activate osteocalcin.

Insulin signaling in osteoblasts favors testosterone biosynthesis in the 
mouse. The cardinal role of bone resorption in the regulation of 
male fertility provided an opportunity to look for additional 
upstream regulators of osteocalcin reproductive function. Since 
it is a positive regulator of bone resorption and it promotes repro-
ductive function, we tested here the hypothesis that insulin signal-
ing in osteoblasts might influence testosterone biosynthesis in an 
osteocalcin-dependent manner.

For that purpose, we analyzed 12-week-old male mice lacking the 
gene encoding for insulin receptor selectively in osteoblasts (InsRosb

–/–) 
(16). These animals that have lower circulating levels of active osteo-
calcin demonstrated a decrease in testes size and weight, in epididy-
mides and seminal vesicle weights, in sperm count and circulating 
testosterone levels (Figure 5, A–F). Moreover, and as is the case in 
Osteocalcin–/– male mice, expression of StAR, Cyp11a, Cyp17, 3β-HSD 
was decreased in InsRosb

–/– testes, while HSD-17 and Cyp19a expression 
was not (Figure 5G). Thus the phenotypic, biochemical, and molecu-
lar abnormalities of InsRosb

–/– male mice are indistinguishable from 
those of Osteocalcin–/– male mice (2). These results implied that, as is 
the case for metabolism, insulin signaling in osteoblasts favors tes-
tosterone biosynthesis by increasing osteocalcin bioactivity.

To demonstrate that it is indeed the case, we next generated com-
pound mutant mice lacking 1 allele of InsR in osteoblasts and 1 
allele of either Osteocalcin or Gprc6a. As shown in Figure 6, A–E, 
and Supplemental Figure 8, C and D, whether we looked at tes-
tis, epididymides, and seminal vesicle weights or sperm count and 
circulating levels of testosterone, these compound mutant mice 
demonstrated abnormalities that were similar to those seen in 
InsRosb

–/–, Osteocalcin–/–, or, even more relevantly, in Gprc6a–/– mice 
(2, 4). Taken together, these results point toward the existence of 
a pancreas-bone-testis axis in the control of male fertility that acts 
in parallel to the hypothalamus-pituitary-testis axis.

Identification of missense mutation in GPRC6A. In the second part of 
this study, we addressed another critical aspect of osteocalcin biol-
ogy, namely, its relevance to humans. To date, the only direct, i.e., 
genetic evidence that Osteocalcin is a hormone has been obtained 
in mice. However, the biological importance of osteocalcin would 
be greatly enhanced if it could be shown to have conserved its 
function in humans as well.

To address this question, we looked at a patient populations 
with a well-defined phenotype. The reproductive phenotype of 
male Osteocalcin–/– and Gprc6a–/– mice is characterized by subfer-
tility in the confined environment of a mouse facility, mediocre 
spermogram, low circulating testosterone levels, and high circulat-
ing LH levels (2). This presentation is similar to that of peripheral 
testicular insufficiency in humans (20–23). Thus, we performed 
a genomic analysis of patients harboring similar reproductive 
abnormalities to Osteocalcin–/– mice with the goal of identifying 
loss-of-function mutation in Osteocalcin or GPRC6A that would 
explain their clinical presentation. We are aware that GPRC6A may 
have several ligands in vitro; however, the only one for which there 
is genetic evidence that it binds to this receptor is osteocalcin.

Out of 1,700 new patients seen in an outpatient clinic for fertil-
ity disorders, we obtained DNA samples of 59 male patients aged 
from 32.2 to 49.4 years who had been diagnosed for infertility with 
oligospermia (sperm count less than 5 million/ml) and high LH 
circulating levels, but without a corresponding increase in circulat-
ing testosterone levels. We used these 3 parameters as a definition 

Figure 6
Insulin signaling in osteoblasts promotes male fertility in 
an osteocalcin-dependent manner. (A) Sperm counts, 
(B–D) testis, epididymal, and seminal vesicle weights 
normalized to BW (mg/g of BW); (E) circulating testoster-
one levels in InsRosb

+/– (n = 5), InsRosb
+/–;Osteocalcin+/–  

(n = 6), and InsRosb
+/–; Gprc6a+/– (n = 6) versus control  

(n > 8) male mice. All analyses presented were performed 
on nonbreeder mix background (129/Sv: 75%; C57BL/6J: 
25%) mice. *P < 0.05; **P < 0.01.
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of primary testicular failure (20–23). All tested patients had a nor-
mal karyotype (14–17). We sequenced all exons of Osteocalcin and 
GPRC6A, the receptor mediating osteocalcin reproductive function 
in Leydig cells (2), in these patients. Two patients in this cohort 
harbored a T→A transversion in exon 4 (g.117121904A/T), result-
ing in an amino acid substitution in a transmembrane domain of 
GPRC6A (F464Y) (Figure 7, A and B, and Supplemental Figure 
6A). Cross-species alignment showed that the F464 position is con-
served down to zebra fish (Figure 7, A and B, and Supplemental 
Figure 6A). Accordingly, the F464Y substitution is considered to 
be deleterious by all prediction programs tested: Polyphen2 (prob-
ably damaging, score = 1), SIFT (not tolerated), PhD-SNP (disease 
related, RI = 6), and Panther (P deleterious = 0.96).

Next, we sequenced as controls 278 individuals originating from 
Senegal and Togo, the countries of origin of the patients with the 
GPRC6A mutation, all with normal spermogram, and did not find 
any harboring this mutation. We also sequenced the exon 4 of 
GPRC6A in 664 additional male controls, who were either African 
American, of mixed European descent, or Asian and also failed to 
find this mutation in any of them. Hence, we found this mutation 
in 2 out of 59 patients (3.39%) and in none of the 942 controls 
(Fisher exact test P = 0.036 vs African controls and P = 0.003 vs. all 
controls). We pursued our analysis and also searched public data-
bases for this single nucleotide variant: the F464Y substitution was 
detected in 52/4352 African-American and 2/8598 (0.02%) Euro-
pean chromosomes sequenced in the NHLBI GO Exome Sequenc-
ing Project, a study whose principal aim is to discover novel genes 
underlying cardiovascular disorders. These data suggest that 
F464Y is a rare allele of GPRC6A.

The first patient was a 45-year-old man originating from Togo, 
with no medical records except that indicating an inability to pro-
create. His parents were deceased; however, we were able to test 
his sister, who did not harbor the mutation described below (Sup-
plemental Figure 6B). The patient presented a testicular volume 

decreased by 6 ml for the right side and 5 ml for the left. Semen 
analysis showed an oligospermia with 2.71 million/ml (normal 
>40), normal vitality with 6% necrospermia, low bioavailable tes-
tosterone levels (1.4 nmol/l; normal range = 2.3–10.7 nmol/l), ele-
vated LH (12 UI/l; normal range = 0.5–10 UI/l) and follicle-stim-
ulating hormone (FSH) levels (between 26.7–32.6 UI/l; normal 
range = 1.3–11.5 UI/l), and decreased inhibin B (<15 ng/l) (Table 1).  
The patient had normal bone mass and bone microarchitecture 
as assessed by HR-pQCT (Scanco) and normal circulating levels of 
osteocalcin (Table 1).

The similarity between the clinical presentation of this patient 
and the phenotype of Osteocalcin–/– mice extended further. Indeed, 
this patient presented a metabolic syndrome characterized by an 
increase in BMI (31.6 kg/m² [Nl < 25 kg/m²]), elevated waist cir-
cumference (107 cm), an increase in adiposity at 28.1% as assessed 
by whole-body densitometry, and dyslipidemia as well as glucose 
intolerance determined by hyperinsulinemia after fasting, a glu-
cose tolerance test, and an insulin tolerance test (Tables 1 and 2).  
Many of these features are seen in mice lacking Osteocalcin or  
Gprc6a in all cells (2–5).

The second patient was a 35 year-old man originating from Sen-
egal (Tables 1 and 2, and Supplemental Figure 6C) who sought 
medical advice after 4 attempts of intracytoplasmic sperm injection 
failed to result in pregnancy. He has a history of high glucose blood 
levels that is kept under control by intensive daily exercise and a 
strict caloric restriction (Tables 1 and 2, and Supplemental Figure 
6C). The patient reported a left orchidectomy for cryptorchidism 
at 8 years of age. Right testicular volume was 18 ml. Semen analysis 
showed an extreme oligospermia with 0.87 million/ml (normal > 40);  
vitality was decreased with 21% necrospermia. Relatively low levels 
of bioavailable testosterone (4.7 nmol/l; normal range = 2.3–10.7 
nmol/l) in the face of elevated LH levels (17 UI/l; normal range = 
0.5–10 UI/l) confirmed the diagnosis of primary testicular failure 
(Table 1). FSH levels were slightly elevated at 7.23 UI/l (normal 
range = 1.3–11.5 UI/l) (Table 1). To rule out the possibility that 
his oligospermia and sterility were a direct consequence of his uni-
lateral cryptorchidism, we compared his sperm count to those of 
the 9 control individuals who also had orchidectomy due to uni-
lateral cryptorchidism. As presented in Supplemental Table 1, the 
sperm count in these controls was an average of 17.8 million/ml, 
i.e., 20-fold higher than in this patient. Physical examination noted 
the following: weight, 79 kg; height, 1.78 m (BMI = 25 kg/m²); and 
blood pressure, 120/70 mmHg (see Tables 1 and 2).

The F464Y amino acid substitution in GPRC6A acts as a dominant neg-
ative mutation. When examined in cell culture, the F464Y substi-
tution-mutation resulted in a loss of function of GPRC6A. First, 
when HEK293T cells were transfected with this mutated form of 
GPRC6A, osteocalcin stimulation failed to increase cAMP pro-
duction as it did in cells transfected with WT GPRC6A (Figure 7).  
Second, immunofluorescence of HEK293T cells transfected with 
either a WT or a F464Y mutated MYC-tagged version of GPR-
C6A showed that this mutation prevented the localization of the 
receptor to the cell membrane, which instead accumulated in 
the endoplasmic reticulum (Figure 7C). Osteocalcin also failed 
to increase cAMP production in cells cotransfected with equal 
amounts of expression vector for the WT and F464Y mutated 
forms of GPRC6A (Figure 7D). Western blot analysis confirmed 
that similar amounts of the WT and F464Y mutated forms of 
GPRC6A were present in HEK293T cells transfected with each 
cDNA (Supplemental Figure 7A).

Figure 7
Identification of an amino acid substitution of GPRC6A associated with 
decreased fertility in humans. (A) T→A missense mutation in GPRC6A 
seen in 2 patients. (B) Localization of the F464Y substitution-mutation 
in GPRC6A. (C) Immunofluorescence of HEK293T cells transfected 
with WT (GPRC6A-MYC) or mutant (GPRC6A-MYC-F464Y) GPRC6A. 
Nuclei are stained with DAPI (blue), MYC-tag in green, and the mem-
brane marker α 1 sodium potassium ATPase in red. (D) cAMP produc-
tion upon osteocalcin stimulation (3 ng/ml) in HEK293T cells trans-
fected with control (MYC-pcDNA3), WT (GPRC6A-pcDNA3), mutant 
(GPRC6A-mutant-pcDNA3), or both forms of GPRC6A. (E) cAMP 
production upon osteocalcin stimulation (3 ng/ml) in HEK293T cells 
transfected with WT (GPRC6A-pcDNA3), mutant (GPRC6A-mutant-
pcDNA3) or both forms of GPRC6A (ratio of 1[WT]: 0.1 [mutant], 
1:0.25, 1:0.5, 1:0.75, and 1:1). (F) qPCR and Western blot analy-
sis of HEK293T cells cotransfected with WT (GPRC6A-FLAG) and 
mutant (GPRC6A-MYC-F464Y) GPRC6A at different ratios. (G and H) 
Immunofluorescence analyses of HEK293T cells cotransfected with 
WT and mutant GPRC6A at a ratio of (G) 1:1 (WT/mutant) and (H) 
1:0.25. FLAG-tag stained in red, MYC-tag in green, and nuclei in blue 
(DAPI). (I) qPCR analysis of StAR expression in TM3 cells infected 
with pLenti6.3/V5 lentiviral vectors containing WT GPRC6A or the 
F464Y mutant and treated with vehicle or osteocalcin (1 ng/ml). (J) 
qPCR analysis of StAR, 3β-HSD, and Cyp11a expression in WT testis 
injected with vehicle, WT GPRC6A (LV-GPRC6A-WT), or the GPR-
C6A-F464Y-mutant (LV-GPRC6A-F464Y) (n = 4 for each conditions). 
Scale bar: 10 μm. *P < 0.05; ***P < 0.001.
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ity if not more severe than that observed 
in Gprc6a-deficient testis (2), suggesting 
that the F464Y mutation acts as a domi-
nant negative in vivo.

Taken together, results of these 3 dif-
ferent cell culture and in vivo assays 
are consistent with the notion that the 
F464Y substitution in GPRC6A may be 
a cause of the primary testicular failure 
observed in these 2 patients.

Discussion
This study was initiated with 2 purposes.  
The first was to identify endocrine 
regulator(s) of osteocalcin reproductive 
functions. The second was to use the 
reproductive function of osteocalcin 
observed in the mouse as a tool to search 
for loss-of-function mutations in this 
hormone or its receptor in humans.

Leydig cells of the testis are respon-
sible for producing testosterone, which 
in turn determines the development 
of male reproductive organs, matura-
tion of germinal cells, and generation 
of estrogen by aromatization. By and 

large, the main physiological regulator of testosterone produc-
tion by Leydig cells is the pituitary hormone LH (13, 24). Accord-
ingly, male mice lacking LH or its receptor are sterile, with low 
levels of circulating testosterone. Given this knowledge, it was 
unexpected that another hormone would influence testoster-
one biosynthesis and that this hormone, osteocalcin, was made 
in bone. Yet, the fact that Osteocalcin–/– male mice are subfertile 
with a marked decrease in circulating testosterone and low sperm 
count established the biological relevance of this regulation  
in vivo in the mouse (2).

The fact that osteocalcin injections cannot rescue the sterility 
of Lhb–/– male mice while it can do so in Osteocalcin–/– mice and the 
complete rescue of the subfertility of Osteocalcin–/– male mice after 
hCG injections are not consistent with a model in which osteocal-
cin would be a mediator of LH in the male mouse. This conten-

Further experiments suggested that this F464Y substitution in 
GPRC6A acts as a dominant negative mutation. Indeed in cotrans-
fection experiments using a fixed amount of the WT form of 
GPRC6A and increasing amounts of its mutated form, cAMP pro-
duction was significantly decreased whether cotransfections were 
performed at a ratio of 1:0.25 (WT/mutated), 1:0.5, 1:0.75, or 1:1 
(Figure 7E). Western blot and quantitative PCR verified the differ-
ent levels of expression of the mutated and WT forms of GPRC6A 
at the different ratios (Figure 7F). Immunofluorescent staining on 
transfected HEK293T cells showed that the WT form of GPRC6A 
never reached the cell membrane when it was cotransfected with 
the mutated form of GPRC6A (Figure 7G). Instead, it remained 
localized with the F464Y mutant around the nucleus of cells 
cotransfected at the ratio of 1:1 (Figure 7G) and 1:0.25 (Figure 7H).

To add further support to the notion that the F464Y muta-
tion in GPRC6A acts as a dominant negative muta-
tion, we transfected WT and the F464Y GPRC6A in 
TM3 cells. We observed that StAR expression was 
increased by osteocalcin in TM3 Leydig cells over-
expressing WT GPRC6A, but not in TM3 cells over-
expressing the F464Y mutant (Figure 7I). Finally, 
WT mice were injected intratesticularly with a len-
tivirus expressing either WT GPRC6A or the F464Y 
mutant. As a control, the contralateral testis of each 
mouse was injected with the vehicle. Three weeks 
later, the expression levels of 3β-HSD, StAR, and 
Cyp11a were analyzed by qPCR. As shown in Fig-
ure 7J, WT testes injected with vehicle or with WT 
GPRC6A lentivirus demonstrate a level of expres-
sion similar to that in these 3 genes, while expres-
sion of these genes was significantly reduced in the 
testes injected with the lentivirus expressing the 
F464A mutated form of this receptor. This decrease 
in 3β-Hsd, StAR, and Cyp11a was of the same sever-

Table 1
Hormonal and metabolic profiles of the patient presenting an F464Y amino acid substitution 
of GPRC6A

		  Patient 1	 Patient 2	 Normal range
Bone profile	 Calcium (mmol/l)	 2.3	 2.2	 2.12–2.52
	 PTH (pg/ml)	 35	 40	 15.0–65.00
	 Osteocalcin (ng/ml)	 14	 18	 14.0–42.0
Metab profile	 HbA1C (%)	 6.5	 5.20	 4.0–6.0
	 Glycemia (mmol/l)	 5.8	 4.90	 4.1–5.8
	 Insulin (mUI/l)	 35.7	 9.10	 2.0–25.0
	 C-peptide (nmol/l)	 2.19	 0.96	 0.22–0.83
Sexual hormonal profile	 Free testosterone (nmol/l)	 1.42	 4.70	 2.25–10.7
	 LH (UI/l)	 13.10	 17.00	 0.5–10.0
	 FSH (UI/l)	 32.60	 7.23	 1.3–11.5
	 Estradiol (pmol/l)	 47.00	 46.70	
Body densitometry	 BMI	 31.6	 25.00	 <25
	 Total mineral mass (BMC) (%)	 3.06	 3.6	
	 Body fat mass (%)	 28.07	 20.20	 15–20
	 Lean body mass (%)	 68.92	 76.20	

Calcium serum content, parathyroid hormone (PTH) (pg/ml), osteocalcin, metabolic profile HbA1C, gly-
cemia, insulin, C-peptide, serum free testosterone, LH, FSH, estradiol, body densitometry (BMI), total 
mineral mass, body fat mass, and lean body mass in patients presenting an F464Y amino acid sub-
stitution of GPRC6A. Numbers in bold indicate values that are either elevated or decreased compared 
with normal levels. Metab, metabolic; BMC, bone mineral content.

Table 2
Oral glucose tolerance test performed in the patients presenting an F464Y amino 
acid substitution of GPRC6A

OGTT	 TO	 2 hours

	 Glycemia	 Insulin	 C-Peptide	 Glycemia	 Insulin	 C-Peptide
	 mmol/l	 mUI/l	 nmol/l	 mmol/l	 mUI/l	 nmol/l
Patient 1	 5.96	 38.8	 2.12	 11.12	 739.5	 10.55
Patient 2	 4.50	 5.1	 0.70	 4.00	 28.8	 2.13
Control	 5.27	 0.73	 10.3	 3.05	 12.4	 1.89

Glycemia (mmol/l), insulin (mUI/l) and C-peptide (nmol/l) were measured in serum of the 
patient harboring the F464Y substitution of GPRC6A and compared with a control. The 
blood samples were collected after 12 hours fasting (T0) prior to the test and 2 hours after 
oral administration of 75 mg of glucose solution to drink. The 2 hours oral glucose toler-
ance test (OGTT) glucose level should be below 7.8 mmol/l. Levels between this and 11.1 
mmol/l indicate impaired glucose tolerance. Glucose levels above 11.1 mmol/l at 2 hours 
confirms a diagnosis of diabetes.
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and reproductive defects. Results of this initial foray in the genetic 
analysis of osteocalcin functions in humans should be viewed as 
a stepping-stone to performing a more systematic analysis in a 
larger patient population with primary testicular failure as well 
as in patients with glucose intolerance or metabolic syndromes.

Methods
Mouse models. Generation of Lhb–/–, Osteocalcin–/–, Gprc6a–/–, Opg–/–, and 
InsRosb

–/– mice was reported previously (2, 7, 16, 19, 32). CtskCre;DTA fl/+ mice 
were generated by crossing CtskCre/+ mice, which express Cre recombinase 
under the control of the osteoclast-specific Cathepsin K locus (16), with 
DTAfl/+ mice, which harbor a flox-STOP-flox-DTA gene cassette under the 
control of the Rosa26 promoter (18). CD45.2+ fetal liver stem cells isolated 
from E14.5 control (CtskCre/+ and DTAfl/+) or CtskCre;DTA embryos were 
transplanted (2 × 106/mice) via tail-vein injection into 5-week-old CD45.1+-
irradiated WT recipient mice. Genetic backgrounds of mice were as follows: 
Lhb–/– (C57BL/6J: 100%), Osteocalcin–/– (129/Sv: 100%), Gprc6a–/– (129/Sv: 
100%), InsRosb

–/– (129/Sv: 87.5%; C57BL/6J: 12.5%), InsRosb
+/–;Osteocalcin+/– 

(129/Sv: 75%; C57BL/6J: 25%) InsRosb
+/–;Gprc6a+/– (129/Sv: 75%; C57BL/6J: 

25%), InsRosb
+/– (129/Sv: 75%; C57BL/6J: 25%), Opg–/– (C57BL/6J: 100%), 

and CtskCre;DTAfl/+ (C57BL/6J: 100%). Control littermates were used in 
all experiments. Mouse genotypes were determined by PCR as previously 
described (2, 7, 16, 19, 32).

Osteocalcin and hCG treatments. Six-week-old mice were treated by i.p. injec-
tions for 1 month with hCG (5 U twice a week) or with recombinant osteo-
calcin (3 ng/g daily) (1) for 1 month.

Human studies. Patients were recruited from the Service de Médecine de 
la Reproduction, Hôpital Femme-Mère-Enfant (CHU de Lyon) between 
2007 and 2011. All patients signed a consent form authorizing genetic 
research. Patient DNA was stored at –80°C in the DNA bank approved 
by the National French Biomedicine Agency under accreditation number 
06–452 and a local ethics committee. We studied patients who were infer-
tile for more than 24 consecutive months and harboring an elevated LH, 
over 10 UI/l (LH IRMA; Beckman Immunotech), without a corresponding 
increase in bioavailable testosterone and a severe alteration of sperm count 
of less than 5 million/ejaculation (normal > 40 million). Patients with 
hypofertility due to Klinefelter syndrome, Y chromosome microdeletion, 
and hypofertility secondary to chemotherapy were excluded. DNA samples 
from 59 patients were tested in this study. The 664 DNA controls analyzed 
were provided by the Service de Médecine de la Reproduction, Hôpital 
Femme-Mère-Enfant and Ali Gharavi (Columbia University, Department 
of Medicine and Nephrology).

Mutation screening. Using standard protocols, DNA was preferentially 
extracted from peripheral blood. Reference sequences of Osteocalcin or 
GPRC6A were downloaded from the NCBI database (37.1 Build; http://
www.ncbi.nlm.nih.gov/) and the Ensembl genome browser (http://uswest.
ensembl.org/index.html). Primers were designed for the 4 exons of human 
osteocalcin and the 6 coding exons of human GPRC6A. DNA from each 
sample was amplified using the Platinum PCR SuperMix High Fidel-
ity Amplification Kit (Invitrogen). Amplified PCR products were Sanger 
sequenced. Sequence analysis was performed using Sequencer 4.8 software. 
All putative variants were confirmed by bidirectional sequencing.

Murine sperm counts and hormone measurements. Caudal epididymides 
were minced in 1 ml PBS 1X and the number of cells released counted 
after 1 hour. The total sperm count was assessed in the final suspension 
by using a hemocytometer (33). Circulating levels of testosterone were 
measured by RIA from Diagnostic Systems Laboratories. Serum levels of 
carboxylated, undercarboxylated, and total osteocalcin were measured 
using a triple ELISA assay described previously (34). Circulating levels of 
LH were measured using a Sandwich enzyme immunoassay performed by 

tion is further supported by the facts that LH does not regulate 
Osteocalcin expression, that osteocalcin signaling in Leydig cells 
does not require LH, and that testosterone inhibits Lh expression 
equally well whether osteocalcin signaling is present or absent in 
pituitary gland. Taken together, these results dissociate LH-depen-
dent from osteocalcin-dependent regulation of testosterone in 
male mice and instead suggest the existence of a second endocrine 
axis including bone and osteocalcin that is necessary for optimal 
male fertility in vivo in the mouse. They also illustrate the power 
of mouse genetics in enabling us to understand unexplained but 
classical clinical presentations. Even though Gprc6a expression 
in the hypothalamus and pituitary gland is the same in WT and 
Gprc6a-null mice, we cannot exclude a priori the formal possibility 
that this receptor may be expressed elsewhere in the brain and that 
it could, through this putative brain expression, contribute to the 
regulatory loop described in this study.

Who are the players in this second axis? We show here that bone 
resorption by osteoclasts through its ability to decarboxylate 
osteocalcin favors male fertility and that this function is enhanced 
by insulin signaling in osteoblasts. These results are consistent 
with the notion that insulin favors reproductive function, but do 
not exclude that, as shown before, insulin acts through other path-
ways to favor fertility (25–29). By extension, one can hypothesize 
that other endocrine or neuronal regulators of bone resorption 
such as the parathyroid hormone or the sympathetic nervous sys-
tem may also affect male fertility (30, 31). It remains to be deter-
mined, however, provided that these regulations exist, whether 
they occur through osteocalcin or independently of it.

A second legitimate question that has plagued osteocalcin 
research since this molecule was recognized to be a hormone in 
rodents has been whether it also has an endocrine function in 
humans. We used the well-defined reproductive phenotype of the 
Osteocalcin–/– mice as a tool to explore this question.

When analyzing patients with peripheral testicular insufficiency, 
we noted that 2 of them were heterozygous for a point mutation 
in exon 4 of GPRC6A. This missense mutation affected a highly 
conserved residue, occurred in one of the transmembrane regions 
of the molecule, and prevented its localization to the cell mem-
brane, therefore resulting in a loss of function of GPRC6A. Three 
different cell-based assays indicated that this mutation also acts 
in a dominant negative manner in cells. These results suggest that 
GPRC6A may be a new susceptibility locus for primary testicular 
failure in humans, a disease whose cause is often unidentified. 
The proof that this mutation is sufficient to cause a phenotype 
of peripheral testicular failure will have to await, however, the 
generation of mice harboring this single base-pair substitution-
mutation. Since the sequencing was restricted to exons, we can-
not exclude that mutations in regulatory regions of either Osteo-
calcin or GPRC6A may be present in other patients suffering from 
peripheral testicular failure.

We note that both patients harboring this substitution-muta-
tion in GPRC6A originated from Western Africa, shared a history 
of glucose intolerance, and displayed similar defects in reproduc-
tive hormones. It is thus interesting that the F464Y variant was not 
observed in our ethnicity matched controls with normal spermo-
grams but has a reported frequency of 1.2% in African-Americans 
sequenced in the NHLBI exome project, a population that has a 
higher frequency of cardiovascular and metabolic diseases. Care-
ful phenotypic analysis of individuals carrying the F464Y allele 
may clarify the spectrum of associated metabolic, cardiovascular, 
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plus jetPRIME Reagent according to the manufacturer’s instructions. 
The eGFP-N1 plasmid was used as a control for transfection efficiency. 
The immunofluorescence assays were performed 12 hours after trans-
fection. Cells were washed 3 times with PBS, fixed for 10 minutes in 4% 
paraformaldehyde at room temperature, permeabilized with 0.01% Tri-
ton X-100 (or not permeabilized as a control), and then incubated with 
Myc-Tag rabbit mAb (1:200; Cell Signaling), anti-α 1 sodium potassium 
ATPase antibody (1:500, ab7671; Abcam), or monoclonal anti-FLAG M2 
(1:500; Sigma-Aldrich). After 24 hours at 4°C, cells were rinsed with PBS 
and incubated with Alexa Fluor 488 goat anti-rabbit (1:1000) and/or Alexa 
Fluor 555 donkey anti-mouse (1:1000) for 2 hours at room temperature. 
All slides were then mounted with Fluoro-Gel II with DAPI (Electron 
Microscopy Sciences). Staining was visualized and captured using a Zeiss 
fluorescent microscope or a Nikon confocal microscope.

cAMP measurement. For cAMP measurement, HEK293T cells were trans-
fected with myc-pcDNA3, GPRC6A-pcDNA3, and GPRC6A mutant- 
pcDNA3, and cotransfected with both GPRC6A and its mutant forms in 
6-cm dishes. Cells were starved for 16 hours (in the presence of 0.1% BSA) 
and then preincubated in the presence of 0.5 mM IBMX for 30 minutes 
and stimulated with 3 ng/ml of osteocalcin also in the presence of 0.5 mM 
IBMX for 30 minutes. cAMP concentration was measured with the Param-
eter cAMP kit (KGE002; R&D Systems).

Statistics. Statistical analyses were performed using 2-tailed Student’s  
t test. Error bars denote mean ± SEM. A P value of < 0.05 was considered to 
be statistically significant.

Study approval. All experiments involving mice were performed in com-
pliance with federal laws and institutional guidelines and approved by 
the Institutional Animal Care and Use Committee (IACUC) of Columbia 
University Animal Care Facility, protocol number: AC-AAAC1910. Patients 
were recruited for the Service de Médecine de la Reproduction, Hôpital 
Femme-Mère-Enfant between 2007 and 2011. Patients gave informed con-
sent. The DNA bank was approved by the National French Biomedicine 
Agency under accreditation number 06-452 and a local ethics committee.
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Histology. For immunofluorescence experiments, testes were embedded 
in optimal cutting temperature compound (Sakura Finetek) and stored 
at –80°C before the preparation of 3-mm sections. Sections were fixed 
for 30 minutes in PBS 1×/PFA 4% at room temperature and overnight 
in PBS 1×/PFA 1% at 4°C. Sections were labeled with primary antibodies 
against 3β-HSD, CYP17A (Santa Cruz Biotechnology Inc.), and CYP11A 
and subsequently probed with secondary Alexa Fluor 488–conjugated 
goat anti-rabbit (Molecular Probes).

Gene expression studies. RNA was purified from testis using TRIzol 
(Invitrogen). RNA isolation, cDNA preparation, and qPCR analysis was 
carried out following standard protocols. qPCR analyses were performed 
using specific quantitative PCR primers from SABiosciences.

Evaluation of rare variants. All variants were evaluated for potential patho-
genicity using 4 methodologies. First, public databases (dbSNP, 1000 
genomes; http://browser.1000genomes.org/index.html) were consulted 
to determine whether the variants had previously been detected in refer-
ence populations. Coding variants were further cross-referenced with prior 
publications and mutation databases, such as the Human Gene Mutation 
Database (HGMD). Missense variants were evaluated for conservation 
among species using TCoffee and for pathogenic potential using standard 
prediction programs (i.e., Polyphen, SIFT, PhD-SNP). Synonymous and 
noncoding variants were evaluated for conservation among other mamma-
lian species (bl2seq feature); synonymous variants were also evaluated for 
potential aberrant splicing (Human Splice Finder and ESE Finder). The fre-
quencies of selected new variants were determined in healthy controls: 278 
Africans, 218 African-Americans, 350 people of mixed European descent, 
and 96 Asians (total: 664 controls) by direct sequencing. The variant F464Y 
was recently reported in NCBI as a rare SNP (dbsnp rs14391345).

GPRC6A mutagenesis. The normal GPRC6A-c-myc tagged vector was con-
structed according to previously described methods (35). The T→A site 
directed mutagenesis was performed using the Agilent (USA) mutagen-
esis kit using the following primers: forward, 5′-AAGGATTCATTTCAC-
TATGATGCCCACGGGGA-3′; reverse, 5′-TCCCCGTGGGCATCATAGT-
GAAATGAATTCCTT-3′.

GPRC6A construction. To construct a flag-tagged GPRC6A construct, the 
c-myc–tagged GPRC6A plasmid was amplified with the following primers: 
NotI, 5′-AGCGCGGCCGCGTCGTGGCTATCACTTCTTCCTG; BamHI, 
3′-CGGGATCCTCATATACTTGAACTTCTTTTCTGACG. The ampli-
fied fragment was digested with NotI and BamHI and subcloned into 
p3XFLAG-CMV vector.

Lentivirus. Full-length GPRC6A cDNA and its F464Y form were cloned 
into the pLenti6.3/V5 lentiviral vector (Invitrogen). Lentiviral particles 
were produced at the Gene Transfer Vector Core of the University of Iowa 
(Iowa City, Iowa, USA). Mice were injected intratesticularly with 20 μl of a 
saline solution containing or not the lentivirus at 107 TU/ml.
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