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steocalcin (OCN) is an osteoblast-derived hor-

mone favoring glucose homeostasis, energy ex-

penditure, male fertility, brain development, and
cognition. Before being secreted by osteoblasts in the
bone extracellular matrix, OCN is y-carboxylated by the
v-carboxylase (GGCX) on three glutamic acid residues, a
cellular process requiring reduction of vitamin K (VK) by
a second enzyme, a reductase called VKORCT. Although
circumstantial evidence suggests that y-carboxylation may
inhibit OCN endocrine functions, genetic evidence that it is

Introduction

It was recently established that the osteoblast, the bone-forming
cell, produces a hormone, osteocalcin (OCN), that promotes
insulin secretion by pancreatic 3 cells and glucose utilization
by peripheral tissues (Ferron and Lacombe, 2014). Accord-
ingly, when fed a normal chow diet (ND), OCN-deficient mice
(Ocn™"") display glucose intolerance, low circulating levels of
insulin, and insulin insensitivity (Lee et al., 2007). Cell-based
and genetic studies have further shown that OCN stimulates
insulin secretion by acting directly on pancreatic 3 cells (Hinoi
et al., 2008; Pi et al., 2011; Wei et al., 2014b) and indirectly
through stimulation of glucagon-like peptide-1 (GLP-1) secre-
tion by the gut (Mizokami et al., 2013). Moreover, OCN pro-
motes [3 cell proliferation by increasing Ccndl, Ccnd2, and
Cdk4 expression in these cells (Ferron et al., 2008) and favors
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the case is still lacking. Here we show using cell-specific
gene inactivation models that y-carboxylation of OCN by
GGCX inhibits its endocrine function. We further show that
VKORCT is required for OCN ~-carboxylation in osteo-
blasts, whereas its paralogue, VKORCIL1, is dispensable
for this function and cannot compensate for the absence
of VKORC1 in osteoblasts. This study genetically and bio-
chemically delineates the functions of the enzymes required
for OCN modification and demonstrates that it is the un-
carboxylated form of OCN that acts as a hormone.

insulin sensitivity in liver, muscle, and adipose tissue (Lee et al.,
2007; Wei et al., 2014a). In addition, OCN increases energy ex-
penditure and prevents high-fat diet (HFD)—induced obesity by
stimulating Ucpl expression in brown adipose tissue (Ferron
et al., 2008, 2012). Independently of its metabolic actions, OCN
promotes male fertility by stimulating testosterone production
by Leydig cells in the testis (Oury et al., 2011). OCN signal-
ing in B cells and in Leydig cells occurs through GPRC6A,
a G protein—coupled receptor (GPCR) of the class C (Pi et al.,
2008, 2011; Oury et al., 2011, 2013a; Wei et al., 2014b). Lastly,
OCN is necessary for hippocampal development and favors spa-
tial learning and memory in part by enhancing the synthesis of
monoamine neurotransmitters in the brain (Oury et al., 2013b).

To become a hormone, OCN undergoes two posttransla-
tional modifications. First, inside the osteoblast, three glutamic
acid residues of OCN are converted to y-carboxyglutamic acid
(GLA) residues through y-carboxylation (Hauschka et al., 1989).
Extensive study of the y-carboxylation of coagulation factors in
the liver has demonstrated that this posttranslational modifica-
tion generally involves two enzymes, y-glutamyl carboxylase
© 2015 Ferron et al.  This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.rupress.org/terms). After six months it is available under a Creative Commons

License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://
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(y-carboxylase or GGCX) and vitamin K (VK) epoxide (VKO)
reductase (VKOR or VKORC1), which together constitute the VK
cycle (Stafford, 2005). Indeed, y-carboxylase requires reduced
VK (VKH,) as an obligate cofactor, which upon y-carboxylation
is oxidized to VKO by GGCX. VKO is next converted back to
VKH, by VKORC1, allowing another y-carboxylation reaction
to take place. Because the y-carboxylation of OCN increases its
affinity for hydroxyapatite, the mineral component of the bone
ECM (Hoang et al., 2003), the vast majority of OCN secreted
by osteoblasts gets trapped in bone ECM, where it is the most
abundant bone noncollagenous protein (Hauschka et al., 1989).
The second posttranslational modification occurs during the
bone resorption phase of bone remodeling when the low pH of
the resorption lacuna allows a partial decarboxylation of the
OCN molecules present in the bone ECM before reaching the
bloodstream (Ferron et al., 2010a; Lacombe et al., 2013). In-
deed, both the vy-carboxylated (GLA) and the undercarboxyl-
ated (GLU and GLU13) forms of OCN can be detected in the
general circulation. This raised the question of which forms of
OCN are endowed with the hormonal functions.

Several lines of evidence of purely correlative nature have
suggested that the endocrine functions of OCN may be fulfilled
by its undercarboxylated form (Fulzele et al., 2010; Rached
etal., 2010; Piet al., 2011; Ferron et al., 2012; Mizokami et al.,
2013; Zhou et al., 2013), and many but not all studies conducted
in humans have shown a negative correlation between the serum
levels of GLU-OCN and blood glucose levels, insulin resis-
tance, obesity, diabetes, or markers of the metabolic syndrome
(Hwang et al., 2009; Kanazawa et al., 2011; Levinger et al.,
2011; Pollock et al., 2011; Bull6 et al., 2012; Furusyo et al.,
2013; Wang et al., 2013; Chen et al., 2014). In that model, OCN
produced by osteoblasts would be stored as a y-carboxylated
and inactive protein in the bone ECM, before being activated by
decarboxylation during bone resorption. If this model were cor-
rect, then blocking OCN +y-carboxylation would prevent OCN
accumulation in the bone ECM and improve glucose homeosta-
sis. This assumption has never been tested, and as a result, di-
rect evidence demonstrating that y-carboxylation is detrimental
for the endocrine functions of OCN is still lacking. This is a
critical question to address because several other human studies
have questioned the existence of a correlation between serum
levels of GLU-OCN and insulin resistance or insulin secretion
(Shea et al., 2009; Diamanti-Kandarakis et al., 2011; Abseyi
etal., 2012; Knapen et al., 2012; Lu et al., 2012; Mori et al., 2012;
Polgreen et al., 2012; Diaz-Lépez et al., 2013).

All vertebrates possess a second VKORC1-like encoding
gene named VKORCILI (Robertson, 2004). Despite a relatively
high degree of similarity (45%) with VKORCI, the physiologi-
cal functions of VKORCILI in any cell type remain unknown.
In this study, using cell-specific gene deletion mouse models
for Ggcex, Vkorcl, or Vkorclll, we directly assayed what was
the influence of vy-carboxylation on OCN endocrine function
in vivo. We also tested whether VKORC1 and VKORCIL1 have
redundant functions in terms of regulating OCN +y-carboxylation
in vivo or in cell culture. To that end, we used mainly the regu-
lation of energy metabolism by OCN as a readout of its endocrine
functions. We show here that even a partial Ggcx inactivation in
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osteoblasts is sufficient to improve glucose tolerance. Further-
more, the osteoblast-specific inactivation of Vkorcl decreases
the y-carboxylation of OCN, whereas whole body or cell-specific
inactivation of VkorclIll does not. These results establish ge-
netically that it is the undercarboxylated form of OCN that ful-
fills its endocrine functions.

Results

Partial osteoblast-specific inactivation

of Ggcx improves glucose metabolism

We first assessed ex vivo the respective importance of the
y-carboxylase (GGCX) and VK for the y-carboxylation of OCN.
For that purpose, Ggex™ osteoblasts were infected with adeno-
virus expressing either GFP or the Cre recombinase to generate
control or Ggcx-deficient osteoblasts, respectively (see Materi-
als and methods and Fig. S1, A-C). Ggcx expression was
decreased by >90%, and GGCX protein levels were nearly unde-
tectable in Cre-expressing compared with controls osteoblasts,
demonstrating that an efficient inactivation has occurred (Fig. 1 A).
These osteoblasts were then cultured either in the absence of
VK or in the presence of VKO or VK1 for 18 h, before assess-
ing the y-carboxylation status of OCN in the culture media. As
shown in Fig. 1 B and in Fig. S1 D, even in the absence of VK,
deletion of Ggcx in osteoblasts reduced the amount and the
percentage of y-carboxylated OCN secreted. Importantly, al-
though the addition of VKO and VK1 increased, albeit modestly,
y-carboxylation of OCN found in the culture media of control
cells, it did not affect OCN +y-carboxylation in Ggcx-deficient
osteoblasts (Fig. 1 B and Fig. S1 D). This result confirms that
GGCX is required for OCN +y-carboxylation ex vivo.

To determine whether GGCX affects OCN endocrine
functions, we generated osteoblast-specific, Ggcx-deficient
mice by crossing al(I)collagen-Cre (Collal-Cre) transgenic
mice, which delete floxed genes in osteoblasts only (Dacquin
et al., 2002), with mice harboring a floxed allele of Ggex (Fig. S1,
A—C). Recombination at the Ggcx locus in the Ggex™;Collal-
Cre mice was detected in bone, but in no other tissues (Fig. 1 C).
The efficiency of recombination at the genomic level did not
exceed 50% in osteoblast cultures derived from chxﬂ/ﬂ;ColI al-
Cre bone marrow (Fig. S1 E). Measurement of the different
forms of OCN in the serum revealed that the circulating levels
of GLA-OCN and total OCN were not significantly altered and
that the circulating levels of GLU-OCN were increased three to
four times in Ggex™;Collal-Cre compared with control Ggex™
mice (Fig. 1, D and E). Together, these results indicate that we
had achieved a specific, but partial inactivation of Ggcx in os-
teoblasts in vivo.

As a way to characterize the impact of reducing GGCX
activity in osteoblasts on the endocrine functions of OCN, we
tested, in adult chxﬂ/ﬂ;Col] al-Cre and control mice fed an ND,
an array of physiological functions known to be regulated by
OCN (Lee et al., 2007; Ferron et al., 2008, 2010a; Fulzele et al.,
2010). Intraperitoneal glucose tolerance tests (GTTs) revealed
that Ggex™,Collal-Cre male mice handled a glucose load sig-
nificantly better than control animals (Fig. 2 A). This was ex-
plained, at least in part, by an enhanced insulin sensitivity in
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chxﬂ/ﬂ;CollaI -Cre mice as revealed by insulin tolerance tests
(ITTs; Fig. 2 B). While performing these metabolic tests, we no-
ticed that chxﬂ/ﬂ;Coll al-Cre mice were consistently thinner
than control age-matched chxﬂ/ﬂ littermates, and when chxﬁ/ﬂ;
Collal-Cre mice were sacrificed at 4 mo of age, they had sig-
nificantly reduced epididymal fat pad weight compared with con-
trol mice (Fig. 2 C), suggesting that the reduction in body weight
was secondary to a decrease in the size of the fat depots in these
mice. Because GLU-OCN injections or infusions can prevent fat
accumulation by increasing whole body energy expenditure in
mice (Ferron et al., 2008, 2012; Zhou et al., 2013), we also
assessed energy expenditure of the Ggex™;Collal-Cre mice
through indirect calorimetry. Ggex™;Collal-Cre mice had in-
creased O, consumption, CO, production, and overall energy ex-
penditure when compared with control littermates (Fig. 2 D).
Ocn™"~ male mice were shown to have decreased testos-
terone synthesis, reduced sperm counts, and decreased fertility,
whereas female Ocn™~ mice have normal ovarian function
(Oury et al., 2011). Hence, we were concerned that the increased
levels of active OCN in Ggex™';Collal-Cre mice might poten-
tially be associated with hypergonadism, a condition which can
influence glucose tolerance (Denburg et al., 2002). However,
there was no significant hypergonadism in Ggex™;Collal-Cre
male mice, which had normal sperm count, testis weight, epi-
didymis weight, and seminal vesicle weight when compared
with littermate controls (Fig. S1 F). Even more importantly,
Ggex™,Collal-Cre female mice also displayed improved glu-
cose tolerance and insulin sensitivity (Fig. 2, E and F), illustrat-
ing that the metabolic phenotypes observed in Ggex™;Collal-Cre
mice are not male specific. Altogether, these results indicate that
reducing y-carboxylation in osteoblasts results in an improved
glucose tolerance, greater insulin sensitivity, and increased en-
ergy expenditure in mice fed a chow diet. Of note, this array of
abnormalities is reminiscent of what is observed in Esp™~ mice,
a classical model of gain-of-function of OCN (Lee et al., 2007).

Partial osteoblast-specific inactivation

of Ggcx prevents diet-induced glucose
intolerance

In view of the results presented above, we next asked whether
the chronic elevation of the circulating GLU-OCN levels in
chxf”ﬂ;Coll al-Cre mice could weaken if not prevent the dele-
terious metabolic effects associated with consuming an HFD. To
test this contention, 4-wk-old control and chxf”ﬂ;Colla] -Cre
mice were fed an HFD for 14 wk, and body weight gain, glu-
cose tolerance, and insulin sensitivity were then assessed at the
end of this period. HFD-fed Ggex™;Collal-Cre mice gained
significantly less weight than age-matched control mice fed the
same HFD, and this difference remained significant from 6 wk
of HFD feeding onward (Fig. 3 A).

As hypothesized, fasting blood glucose was increased in
control mice fed an HFD compared with those fed an ND. In
contrast, chxﬂ/ﬂ;Col] al-Cre mice fed an HFD displayed fast-
ing glycaemia comparable with the ones of control mice fed an
ND (Fig. 3 B). Strikingly, glucose tolerance determined by GTT
was indistinguishable in chxﬂ/ﬂ;Col] al-Cre mice fed an HFD
and control mice fed an ND, whereas chxﬂ/ﬂ fed an HFD
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Figure 1. Partial reduction of OCN y-carboxylation in Ggex*:Collal-Cre
mice. (A) Cre-mediated inactivation of GGCX in Ggex" osteoblasts
infected with either Ad-GFP or Ad-Cre was assessed by QPCR (left; n = 4
per group) or by Western blotting (right). (B) Percentage of GLA- over fotal
OCN measured in the supernatant of osteoblasts of the indicated genotype
cultured in the absence of VK (=VK) or in the presence of VKO (+VKO) or
VK1 (+VKT1; n = 4 for each condition). (C) Detection of the deletion allele (APCR)
of Ggex by PCR on ?enomic DNA isolated from tissues of Ggex":
Collal-Cre and Ggex"" mice. PCR for the floxed allele (5’lox PCR) was
used as a loading control. WAT and BAT, white and brown adipose fissue,
respectively. (D and E) Serum levels of GLA- and total OCN (D) and of
GLU-OCN (E) in Ggex (n = 4) and Ggex?;Collal-Cre (n = 4) 2-mo-old

mice. Results are given as means + SEM. **, P < 0.01; *** P < 0.001.

displayed the expected glucose intolerance (Fig. 3 C). Ggex™;
Collal-Cre mice fed an HFD also had a better insulin sensi-
tivity compared with control mice fed an HFD (Fig. 3 D). Al-
though control and Ggex™;Collal-Cre mice fed an HFD were
equally hyperinsulinemic when compared with mice fed an ND,
HOMA-IR, an index of insulin sensitivity, was consistently

Osteocalcin regulation by GGCX and VKORC1 ¢ Ferron et al.
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Figure 2. Improved glucose tolerance, insulin A 5007 B == Ggex"
sensitivity, and energy expenditure in Ggox™"; = k% = 160 -0~ Ggex"; Coltat-Cre
Collal-Cre mice. [A) GTTs in Ggex'¥ (n= 11) 5 4001 g
and Ggex;ColTal-Cre (n = 9) 2-3-mo-old £ E 420
male mice. Mice were fasted for 16 h and g 3004 %
injected i.p. with 2 g/kg glucose. (B) ITTsin ~ © 9] .
Ggex (n'= 16) and chxg’/f;Collal-Cre (n= 35, 200 3 80
11) 2-3-mo-old male mice. Mice were fasted 3 B ]
for 4 h and injected i.p. with 0.7 U/kg insu- 2 100§ 2 40
lin. (C) Body weight (left) and epididymal fat 2-way ANOVA: p<0.05 o 2-way ANOVA: p<0.01
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in Ggex™ (n = 10) and Ggex";Collal-Cre 0 30 60 90 120 0 |\:/3|O & 6o i % 120
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rates and heat production (energy expendi-
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mice. Mice were fasted for 16 h and injected 2 201 EE % S é_%
i.p. with 2 g/kg glucose. (F) ITTs in Ggex™" 2 15+ 83 % 20001 % % 104
(n=12) and Ggex"".Col1al-Cre (n = 8) 2-3- & g ‘\Em 104 5L
mo-old female mice. Mice were fasted for 4 h 104 Z= 1000+ S 5+
and injected i.p. with 0.3 U/kg insulin. Re- 5+ k- 0
sults are given as means + SEM. *, P < 0.05; w
**: P<0.01. 0~ 0~ 0= V(l)2 \/602 0=
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£ E
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2 2-way ANOVA: p<0.05 2 2-way ANOVA: p<0.05
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Min. after glucose inj.

reduced, although not significantly, in Ggex™;Collal-Cre mice
(Fig. S1, G and H). These data indicate that a chronic elevation
of GLU-OCN can prevent the obesity and glucose intolerance
induced by HFD in wild-type (WT) mice.

Consequences of a more complete
inactivation of Ggecx on OCN

endocrine functions

Even though there was a significant increase in circulating
GLU-OCN levels and an improvement of their glucose toler-
ance in the Ggex™;Collal-Cre mice, the inactivation of GGCX
in osteoblasts was rather partial in these mice because GLA-
OCN serum levels were marginally decreased (Fig. 1 D). This
is probably explained by a poor deletion efficiency; indeed,
Ggex was deleted at only ~50% in Ggex™";Collal-Cre osteo-
blasts (Fig. S1 E). To determine the consequences of a more
extensive inactivation of Ggcx on OCN +y-carboxylation and
function, we bred Ggex™ mice with Osteocalcin-Cre (OC-Cre)
mice, which express the Cre recombinase in mature osteoblasts
only (Zhang et al., 2002). PCR analyses confirmed that recom-
bination at the Ggcx locus in the Ggex™;0C-Cre mice occurred
in bone but not in any other tissues (Fig. 4 A), and quantifica-
tion of the recombination at the genomic level revealed that the
deletion efficiency was >80% in Ggcx™;0C-Cre osteoblasts
(Fig. S1 E). Accordingly, the GGCX protein was practically
undetectable in osteoblasts derived from Ggcx™;0C-Cre mice,

JCB « VOLUME 208 « NUMBER B « 2015

Min. after insulin inj.

whereas it was normally abundant in osteoblasts derived from
control mice (Fig. 4 B). Serum measurements of the various
forms of OCN revealed that circulating levels of GLA-OCN
were decreased by nearly 80%, whereas circulating levels of
total OCN were unchanged in Ggex™,0C-Cre compared with
control Ggcx™" mice (Fig. 4 C). In addition, serum levels of
GLU-OCN were increased >15 times (from 10 to over 150 ng/ml)
in Ggex™,0C-Cre mice compared with control Ggex™ mice
(Fig. 1 D), further suggesting that a much more efficient inac-
tivation of Ggcx had been achieved when using the OC-Cre
deleter mice.

GLA residues allow OCN to bind to hydroxyapatite, the
mineral component of the bone ECM (Hoang et al., 2003), and
in vitro GLU-OCN has a reduced binding capacity for hydroxy-
apatite (Merle and Delmas, 1990). Thus, to assess the impact of
reducing OCN +y-carboxylation on its accumulation in the bone
ECM, we measured OCN content in bone extracts obtained
from Ggex™ and Ggex™;0C-Cre mice. Remarkably, the bone
content of GLA-OCN and total OCN were decreased 75 and
10 times, respectively, in Ggex™;0C-Cre mice when compared
with control Ggex™ mice (Fig. 4 E), establishing in vivo that
the y-carboxylation of OCN is absolutely required for the accu-
mulation of this protein in the bone ECM. Consistent with the
notion that GLU-OCN binds poorly, if at all, to hydroxyapa-
tite, we could not detect GLU-OCN in any of the bone extracts
(not depicted). Of note, the deletion of Ggcx in osteoblasts in
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3-mo-old mice did not affect trabecular or cortical bone density
as assessed by uCT or histologically; the same was true for os-
teoblast and osteoclast numbers, for bone formation rate, and
for osteoclastic activity, as estimated by serum CTx levels
(Fig. S2, A and B). Moreover, in cell culture differentiation mark-
ers of osteoblasts were normally expressed in Ggcx-deficient
primary osteoblasts, and the deletion of Ggcx did not overtly
impact the ability of osteoblasts to mineralize the ECM (Fig. S2,
C and D).

As observed in Ggex™;Collal-Cre, 3-mo-old Ggex™;
OC-Cre mice displayed an improved glucose tolerance compared
with control (Fig. 4 F) without hypergonadism (Fig. S1 F). This
metabolic phenotype was less severe in Ggex™,0C-Cre than
in chxﬂ/ﬂ;Col]aI—Cre mice. This is consistent with the bell-
shaped dose—response curve of target cells to OCN in cell cul-
ture (Ferron et al., 2008; Oury et al., 2011) and with the notion
previously advanced that desensitization can occur when circu-
lating OCN levels are too high (Riddle et al., 2014). To demon-
strate directly that the changes in the circulating levels of
uncarboxylated OCN were responsible for the improved glucose
tolerance in the mice lacking Ggcx in osteoblasts, we bred them
with Ocn™™ mice to obtain mice lacking Ggcx in osteoblasts
and one allele of Ocn (chxﬂ/ﬂ;OC—Cre;Ocn+/ 7). As shown in
Fig. 4 G, the glucose tolerance of chxﬂ/ﬂ;OC-Cre;Ocn"/ ~ mice
was comparable with the one observed in Ocn*~ and in control
mice and was significantly lower than the one of Ggex™,0C-Cre
mice. This result adds further support to the notion that deletion
of Ggcx in osteoblasts results in a gain-of-function of OCN.

VKORC1 is necessary for OCN
v-carboxylation in vivo and in cell culture
VKORCI is the enzyme responsible for reducing VKO in he-
patocytes, thereby allowing the y-carboxylation of various

Min. after insulin inj.

coagulation factors (Li et al., 2004; Rost et al., 2004). To test
whether VKORCT1 contributes to OCN ~-carboxylation (Fig. 5 A),
mice harboring a floxed allele of Vkorcl (Fig. S3, A-C) were
first bred with Cmv-Cre mice (Schwenk et al., 1995) to inac-
tivate Vkorcl in germ cells and to obtain mice carrying a null
allele of this gene (VkorcI*~; Fig. S3 D). When Vkorcl*™ mice
were intercrossed, no Vkorcl ™~ pups were retrieved at postna-
tal day 14 (P14; Fig. S3 E). A careful monitoring revealed that
Vkorcl ™~ mice were born at the expected Mendelian ratio but
died within 2-5 d of intra-abdominal hemorrhages (Fig. S3,
E and F). These results, which confirm a previous study on global
Vkorcl deletion (Spohn et al., 2009), established that an effi-
cient ablation of VKORCI activity occurred in Vkorcl ™~ mice
in vivo. Western blot analysis also confirmed the absence of
Vkorc1 protein in Vkorcl ™ liver (Fig. S3 G).

Vkorc ™ mice were next bred with OC-Cre mice to in-
activate Vkorcl only in osteoblasts. As shown in Fig. 5 B,
VKORCI was deleted in bone but not in any of the other tested
tissues in Vkorc™,0C-Cre mice. Unlike Vkorcl ™~ mice,
Vkorc":0C-Cre mice were viable and did not present any
obvious hemostatic defects. Western blotting analyses demon-
strated that VKORCT protein accumulation was considerably
reduced in Vkorc ™ OC-Cre osteoblasts compared with con-
trols (Fig. 5 C). Serum measurement of the various forms of
OCN revealed that circulating levels of GLA-OCN were de-
creased by ~40%, whereas those of GLU-OCN were increased
by ~10-fold in Vkorc "";0C-Cre mice (Fig. 5, D and E).
Circulating levels of total OCN were unaffected in the same
animals (Fig. 5 D). Of note, very similar changes in OCN
vy-carboxylation status were observed in the serum of newborn
Vkorcl™ pups (Fig. S3 H), indicating that VKORC]1 expression
in osteoblasts is sufficient to mediate OCN +y-carboxylation.
Similarly to what was observed in chxﬂ/ﬂ;OC—Cre mice, the
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Figure 4. Efficient reduction of OCN +y-carboxylation in Ggex"/#:0C-Cre mice. (A) Detection of the deletion allele (APCR) of Ggex by PCR on genomic DNA
isolated from tissues of Ggex":OC-Cre and Ggex? mice. PCR for the floxed allele (5'lox PCR) was used as a loading control. (B) Western blotting analyses of
GGCX expression in Ggex and Ggex"*; OC.Cre bone marrow-derived osteoblasts. WAT and BAT, white and brown adipose fissue, respectively. (C and D)
Serum levels of GLA- and total OCN (C) and of GLU-OCN (D) in Ggex™" (n = 4) and Ggex"":OC-Cre (n = 4) 2-mo-old mice. (E) Bone OCN content in Ggex™"
(n = 6) and Ggex!:OC-Cre (n = 6) 3-mo-old mice was assessed from whole bone extracts by Western blotting (left) or ELISA and normalized to the fotal protein
content (right). (F) GTTs in Ggex™" (n = 13) and Ggex*":OC.Cre (n = 16) 3-mo-old mice fed an ND. Mice were fasted for 16 h and injected i.p. with 2 g/kg
glucose. (G) GTTs in Ggex (n = 7), Ggex":0cn*/~ (n = 9), Ggex*:OC-Cre;Ocn*~ (n = 9), and Ggex!;OC-Cre (n = 9) mice fed an ND. Mice were fasted
for 16 h and injected i.p. with 1.3 g/kg glucose. Results are given as means + SEM. (C-F) **, P < 0.01; ***, P < 0.001. (G) #, P < 0.05 when comparing
with Ggex"":Ocn*/~ and Ggex":OC-Cre;Ocn*~ mice; &, P < 0.05 when comparing with Ggex"", GgexV":Ocn*/~, and Ggex"; OC-Cre;Ocn*/~ mice.

contents of GLA-OCN and total OCN in bone were reduced by Although GGXC and VKORCI proteins were decreased
22 and 8 times, respectively, in Vkorc'';0C-Cre mice (Fig. 5 F). to similar levels by the OC-Cre—mediated inactivation, circulating
Altogether, these results suggest that Vkorcl in osteoblasts is re- GLA-OCN levels were only 40% reduced in Vkorc";,0C-Cre
quired for efficient OCN +y-carboxylation in vivo. mice, whereas they were reduced by >80% in Ggex™;0C-Cre
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Figure 5. Efficient reduction of OCN +y-carboxylation in Vkorc1%#:0C-Cre mice. (A) Hypothetical role of VKORCT in regulating OCN y-corboxquﬁon
osteoblasts. (B) Detection of the deletion allele (APCR) of Vkorc1 by PCR on genomic DNA isolated from tissues of Vkorc1"":OC-Cre and Vkorc 1% mice.
PCR for the floxed allele (3’lox PCR) was used as a loading control. WAT and BAT, white and brown adipose fissue, respectively. (C) Western blotting analy-
ses of VKORC1 expression in Vkorc1"" and Vkorc1"".OC-Cre bone marrow-derived osteoblasts. (D and E) Serum levels of GLA- and total OCN (D) and
of GLU-OCN (E) in Vkorc 1% (n = 5) and Vkorc1"#:OC-Cre (n = 5) 2-mo-old mice. (F) Bone OCN content in Vkorc1"" (n = 5) and Vkorc 1%!:OC-Cre (n = 4)
3-mo-old mice was assessed from whole bone extracts by Western blotting (left) or by ELISA and normalized to the total protein content (right). (G) Cre-
mediated inactivation of VKORC1 in Vkorc 1% osteoblasts infected with either Ad-GFP or Ad-Cre was assessed by QPCR (left; n = 4 per group) or by Western
blotting (right). (H) Percentage of GLA- over total OCN measured in the supernatant of osteoblasts of the indicated genotype cultured in the absence of VK
(—VK) or in the presence of VKO (+VKO) or VK1 (+VK1; n = 4 for each condition). (I} GTTs in Vkorc1%# (n = 7) and Vkorc1"*,OC-Cre (n = 7) 3-mo-old
mice fed an ND. Mice were fasted for 16 h and injected i.p. with 2 g/kg glucose. Results are given as means = SEM. ***, P < 0.001.

mice (Figs. 4 C and 5 D). This observation implied that the ab-
sence of VKORCTI in osteoblasts might be partially compen-
sated in vivo. It has previously been shown that exogenous VK1
could rescue bleeding defects in Vkorcl '~ mice or in humans
carrying a mutation in VKORCI (Rost et al., 2004; Spohn et al.,
2009). We therefore hypothesized that the remaining GLA-OCN

detected in Vkorc ";0C-Cre could be explained, in part, by the
absorption of VK1 through food, milk, and/or more likely feces
because mice are coprophagic (Fig. 5 A). In support of this
hypothesis, circulating GLA-OCN levels were further reduced
in Vkorc"";0C-Cre mice when coprophagy was prevented
(Fig. S3 D). In addition, Vkorcl /= osteoblasts displayed a
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Figure 6. Deletion of VKORCIL1 in osteoblasts does not impact OCN y-carboxylation. (A) Hypothetical role of VKORCIL1 in regulating OCN y—corboxylotion
osteoblasts. (B) Detection of the deletion allele (APCR) of Vkorc1/1 by PCR on genomic DNA isolated from tissues of Vkorc1/1%%:OC-Cre and Vkorc111%" mice.
PCR for the floxed allele (3’lox PCR) was used as a loading control. WAT and BAT, white and brown adipose tissue, respectively. (C and D) Serum levels of GLA-
and total OCN (C) and of GLU-OCN (D) in Vkorc111%# (n = 5) and Vkorc111%%:0C-Cre (n = 5) 2-mo-old mice. (E) Bone OCN content in Vkorc1/1% (n = 7) and
Vkorc111%%,0CCre (n = 6) 3-mo-old mice was assessed from whole bone extracts by ELISA and normalized to the fotal protein content (left) or by Western blotting
(right). (F) Cre-mediated inactivation of VKORC1L1 in Vkorc 111%# osteoblasts infected with either Ad-GFP or Ad-Cre was assessed by QPCR (left; n = 4 per group)
or by Western blotting (right). (G) Percentage of GLA- over total OCN measured in the supernatant of osteoblasts of the indicated genotype cultured in the absence
of VK (—VK) or in the presence of VKO (+VKO) or VK1 (+VK1; n = 4 for each condition). Results are given as means = SEM. *** P < 0.001.

defect in OCN +y-carboxylation in the absence of VK or in the chow diet (Fig. 5 I). That the improvement in glucose tolerance
presence of VKO, similar to the one observed in Ggcx ™ osteo- is consistently more pronounced in Ggex™;Collal-Cre than in
blasts (Fig. 5, G and H; and Fig. S3 J). However, unlike what Vkorc ™, 0C-Cre mice, even though they had a more modest
was observed in Ggex™ osteoblasts, the OCN +y-carboxylation increase in GLU-OCN (i.e., 4 vs. 8 times), further suggests that
defect in Vkorcl ™~ osteoblasts was rescued by addition of chronically high levels of circulating GLU-OCN may result in
large (micromolar) amounts of VK1 in the media (compare OCN receptor desensitization.

Fig. 5 H with Fig. 1 B). Deletion of Vkorcl did not alter the

capacity of osteoblasts to mineralize the ECM in culture VKORC1L1 is dispensable for OCN

(Fig. S3 K). These results indicate that although VKORCI is y-carboxylation and for hemostasis in vivo

required for OCN +y-carboxylation in osteoblasts, its absence Another possible explanation for the results presented could be
can be compensated by exogenous high concentrations of VK1 that a second enzyme harboring VK1 reductase activity and
in the mouse. compensating for the loss of VCORCI1 may exist in osteoblasts

Inactivation of Vkorcl in osteoblasts caused a slight and ~ (Fig. 6 A). This hypothesis is indirectly supported by the fact
not significant improvement in glucose tolerance when fed a  that a paralogue of VKORCI, VKORCILI, is present in the
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genome of all vertebrates and that in vitro and cell-based assays
have indicated that VKORCIL1 can have VKO and VK1 re-
ductase activity (Westhofen et al., 2011; Hammed et al., 2013;
Tie et al., 2013). Thus, we tested the importance of VKORCIL1
for OCN ~-carboxylation in vivo by generating mice lacking
Vkorclll globally or only in osteoblasts.

Mice harboring a floxed allele of Vkorclll were bred with
OC-Cre mice to generate animals in which VKORCILI1 was
deleted in osteoblasts only (Fig. S4, A—C). In these Vkorcl 1.
OC-Cre mice, the deletion of Vkorclll could be detected in
bone tissue, but in no other tissues (Fig. 6 B). Quantitative PCR
(QPCR) analysis demonstrated that Vkorclll expression was
efficiently reduced in osteoblasts derived from Vkore 11177,
OC-Cre mice compared with control cells (Fig. S4 D). However,
measurement of the circulating levels of the various forms of
OCN revealed that deleting Vkorclll in osteoblasts had no de-
tectable impact on the circulating levels of GLA-, GLU-, or
total OCN (Fig. 6, C and D). Likewise, ELISA and Western
blotting analyses of OCN bone content failed to detect any sig-
nificant differences between controls and VkorcllI*:0C-Cre
mice (Fig. 6 E). Ex vivo inactivation of VkorcllI in osteoblasts
indicated that this gene was not required for the y-carboxylation
of OCN, whether or not VKO or VK1 was included in the me-
dium (Fig. 6, F and G; and Fig. S4 E). We also generated
Vkorcll1™~ mice by breeding Vkorc1l** and CMV-Cre mice
(Fig. S4 F). When Vkorcll1*~ mice were intercrossed, we ob-
tained Vkorcll1**, Vkorclll*~, and Vkorclll '~ mice at the
expected Mendelian ratio, whether the mice were genotyped at
P2 or at P14 (Fig. S4 G). There was no evidence of hemorrhage
in Vkorclll™"~ mice at any age, and they all survived to adult-
hood. QPCR confirmed the loss of expression of Vkorclll in
osteoblasts derived from Vkorc1ll ™~ mice (Fig. S4 H). Similar to
the osteoblast-specific inactivation, global deletion of VkorcIll in
mice did not impact the y-carboxylation of serum OCN (Fig. S4,
I and J). Taken at face value, these results indicate that in the
mouse VKORCI1L1 does not play a quantifiable role in hemo-
stasis or OCN +y-carboxylation.

VKORC1L1 does not compensate for
VKORC1 inactivation in osteoblasts

Even though VKORCI1L1 is not required in vivo or ex vivo for
vy-carboxylation of OCN, the possibility remains that there was
a functional redundancy between VKORC1 and VKORCIL1
and that VCORCILI could have supported VKO or VKI re-
duction in the absence of VKORCI (Fig. 6 A). To determine
whether it was indeed the case, we generated mice lacking both
Vkorcl and Vkorclll in osteoblasts and compared circulating
OCN levels in those double mutant mice with those of either
mice lacking Vkorcl or Vkorclll in osteoblasts. As shown in
Fig. 7 A, deletion of Vkorcl in combination with either one or
two alleles of Vkorclll (i.e., Vkorc;Vkorc1lI"*;0C-Cre and
Vkorc " Vkorc111"";0C-Cre mice) did not cause any further
increase of the circulating levels of GLU-OCN when com-
pared with Vkore " OC-Cre littermates. Similarly, the bone con-
tent of OCN was equally decreased in Vkorc ";0C-Cre and
Vkore " Vkorc11",0C-Cre mice when compared with con-
trol or Vkorc111"";0C-Cre mice (Fig. 7 B).

We also generated primary osteoblasts lacking both Vkorcl
and VkorclIll (Fig. 7 C) and assessed their capacity to support
OCN +v-carboxylation in the presence or absence of VKO or
VKI1. These double mutant osteoblasts behaved exactly like
those lacking Vkorcl, i.e., OCN +y-carboxylation was impaired
in the absence of VK, a defect which could be rescued by the
addition of VK1, but not of VKO (Fig. 7 D and Fig. S4 K). To-
gether, these results suggest that, at least in osteoblasts, endog-
enous VKORCILI1 cannot rescue the deleterious consequences
of Vkorcl inactivation on OCN v-carboxylation. Moreover,
because exogenous VK1 can rescue the y-carboxylation defect
in osteoblasts lacking both Vkorcl and Vkorclll, it suggests
that VKORCI1L1 is not responsible for VK1 reduction in this
cell type.

In hepatocytes, GGCX and VKORCI1 are both enriched in
the microsomal fraction (Berkner et al., 1992; Tie and Stafford,
2008), supporting the notion that in this cell type GLA proteins
become v-carboxylated while they are transiting through the
ER. Although it is assumed that y-carboxylation also takes
place in the ER of osteoblasts, the intracellular localization of
the VK cycle components in these cells has never been tested.
Our cell biology analysis of this aspect of VK biology showed
that immunostaining for GGCX and VKORC1 both overlapped
with the signal obtained with an antibody raised against the KDEL
sequence, a marker of ER (Fig. 7 E, top and middle). In contrast,
the intracellular localization pattern of VKORCIL1 differed
greatly and did not show such overlap with the ER (Fig. 7 E,
bottom). These results suggest that in osteoblasts GGCX and
VKORCT are enriched in the ER, where y-carboxylation was
shown to take place, whereas VKORCI1LLI is not localized to this
compartment. Combined with the data obtained in mice lacking
VKORCI, VKORCILI, or both, these data further support the
conclusion that VKORCILLI is not involved in the y-carboxylation
of OCN.

Discussion

Role of GLU-OCN in glucose metabolism
Several lines of evidence have established that bone is an endo-
crine organ (Karsenty and Ferron, 2012). In vitro and in vivo
evidence indicates that OCN, an osteoblast-specific protein,
affects glucose metabolism in several ways (Lee et al., 2007,
Ferron et al., 2008). In addition, ablation of osteoblasts in adult
mice or the suppression of OCN production by glucocorticoids
results in metabolic abnormalities that are mostly rescued by
injections of GLU-OCN (Yoshikawa et al., 2011; Brennan-
Speranza et al., 2012). These data further suggest that osteo-
blasts and GLU-OCN play a central role in the control of energy
metabolism by bone.

Since the identification of the metabolic functions of OCN
in mice, several cross-sectional and observational studies have
addressed the role of OCN in glucose and energy metabolism in
humans (reviewed by Ferron and Lacombe [2014]). The major-
ity of those studies reported that serum levels of GLU-OCN
negatively correlate with blood glucose levels, insulin resis-
tance, diabetes, obesity, or markers of the metabolic syndrome.
Moreover, some data obtained in humans also support a role for
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GLU-OCN in insulin secretion. However, the notion that GLU-
OCN is the form of OCN responsible for the endocrine func-
tions fulfilled by this molecule has been questioned in several
studies that failed to detect a correlation between GLU-OCN
and insulin sensitivity (Shea et al., 2009; Lu et al., 2012; Mori
et al., 2012) or reported a negative correlation between GLA-
OCN and insulin sensitivity or obesity (Shea et al., 2009; Diaz-
Lépez et al., 2013). A possible explanation for these discrepant
results could be that the association strength between undercar-
boxylated OCN and various parameters of energy metabolism
varies from one population to another or that the methods of OCN
measurement were not similar across these multiple studies.

To go beyond these experiments correlative in nature, we
relied on cell-specific gene deletion approaches in the mouse.
This effort started with the study of mice lacking y-carboxylase
in osteoblasts. Analysis of these mice provides direct evidence
that increasing circulating levels of GLU-OCN improves glu-
cose metabolism in mice fed an ND. These chxﬁ/ﬂ;ColI al-Cre
mice were also protected from the deleterious effect of an HFD
on glucose metabolism. chxﬂ/ﬂ;OC—Cre mice had increased
GLU-OCN serum levels, whereas GLA-OCN circulating levels
were concurrently decreased. Importantly, the levels of GLA-
OCN and of total OCN were not changed in the serum of chf’/ﬂ;
Collal-Cre mice, yet the two lines of mice exhibited similar
improvements in glucose tolerance. These data add further sup-
port to the notion that GLA-OCN is not involved in the endo-
crine function of OCN in the mouse (Fig. 8). This is also
supported by the fact that GLA-OCN does not cross the pla-
centa or the blood—brain barrier (Oury et al., 2013b). That the
deletion of one allele of Ocn in the background of chxﬂ/ﬂ;
OC-Cre mice normalized their glucose tolerance provides di-
rect genetic support to the notion that deletion of Ggcx in osteo-
blasts results in a gain-of-function of OCN, although it does not
rule out in any way the possibility that additional y-carboxylated
proteins produced by osteoblasts could influence important
physiological functions.

Even though the increase in serum GLU-OCN in chxﬂ/ﬂ;
Collal-Cre mice was associated with improved glucose toler-
ance, better insulin sensitivity, and a reduction in fat mass, it did
not overtly affect insulin secretion or 3 cell mass (unpublished
data). We have previously shown that continuous infusions of
low doses of GLU-OCN (0.3-3 ng/h) efficiently stimulate insulin
secretion, whereas high doses of the same protein (10-30 ng/h)
increase insulin sensitivity without a noticeable impact on insu-
lin secretion or {3 cell proliferation (Ferron et al., 2008). There-
fore, we speculate that the levels of GLU-OCN observed in
Ggex™";Collal-Cre mice (~40 ng/ml) were too high to af-
fect insulin secretion, but efficiently affected insulin sensitivity.
Along these lines, we also noticed that the improvement in glu-
cose tolerance was more marked in chxﬂ/ﬂ;Coll al-Cre than in
chxﬂ/ﬂ;OC—Cre and Vkorc™;0C-Cre mice, despite a more
modest increase in circulating GLU-OCN levels (i.e., 4 vs. 8-15
times). These results suggest that chronically high levels of cir-
culating GLU-OCN may cause a desensitization of the OCN re-
ceptor. Although we do not have direct biochemical evidence
supporting this hypothesis here, this possibility is consistent
with the bell-shaped dose—response curve observed when target

cells of OCN are treated with increasing concentration of this
hormone (Ferron et al., 2008; Oury et al., 2011). It was also
proposed to explain the absence of improvement in glucose
tolerance in 7'sc2 osteoblast-specific deficient mice, which dis-
played a 10-fold increase in undercarboxylated OCN (Riddle
etal., 2014).

Regulation of OCN structure and function

by y-carboxylation

The structure of GLA-OCN was determined using x-ray crys-
tallography more than 10 years ago (Hoang et al., 2003),
whereas the one for GLU-OCN was solved just recently
(Malashkevich et al., 2013). GLU and GLA-OCN structures
bear many similarities. For instance, they both consist of three
o helices surrounding a hydrophobic core and a disulfide bond
between two of the helices. However, unlike what is the case
for GLA-OCN, the GLU form of this protein does not bind
Ca?* and does not require elevated Ca** concentration to fold
into a helical structure (Hauschka and Carr, 1982; Dowd et al.,
2001; Malashkevich et al., 2013). These observations suggest
that at Ca®* concentrations around 1 mM (normally found in
cell culture media or serum in vivo), only GLU-OCN will
exhibit a helical conformation and presumably be able to
bind to its receptor or receptors. This provides a structural ex-
planation for the lack of biological activity of GLA-OCN in
glucose metabolism.

The notion that GLA residues of OCN allow binding of
this molecule to hydroxyapatite, the mineral component of bone
ECM, has never been established in vivo. Here we show that
mice lacking Ggcex or Vkorcl in osteoblasts are characterized by
a nearly complete absence of OCN in their bones. These results
provide the first genetic in vivo evidence that y-carboxylation
of OCN is absolutely necessary for its accumulation in the bone
ECM. Surprisingly, however, despite an absence of OCN in
bone, the total serum levels of OCN were not increased in
chxﬂ/ﬂ;OC—Cre or in Vkorc ":0C-Cre mice. One possible ex-
planation for this apparent discrepancy could be that GLU-OCN
has a shorter half-life than GLA-OCN in the serum or that other
compensatory mechanisms exist to reduce circulating levels of
GLU-OCN.

The importance of VKORC1

for OCN vy-carboxylation

Because it requires VKH, as a cofactor, y-carboxylation is de-
pendent on the reduction of VKO by a VKO reductase. Genetic
and biochemical evidence supports the notion that VKORC1 is
the main enzyme accomplishing this function in hepatocytes
(Li et al., 2004; Chu et al., 2006). We demonstrate here that
VKORCI plays the same role in osteoblasts in vivo. Impor-
tantly, because the decrease in serum GLA-OCN was more pro-
nounced in chxﬁ/ﬂ;OC—Cre than in Vkorc;0C-Cre mice
(80% vs. 40%), we hypothesized that this difference could be
caused by the exogenous intake of VK in Vkorc",0C-Cre
mice, which would then be reduced to VKH, in osteoblasts. It is
well know that rodents are generally resistant to VK deficiency
because they can obtain sufficient VK through coprophagy
(Groenen-Van Dooren et al., 1995). In support of this notion,
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Figure 8. Model of the regulation of OCN function by GGCX and VKORC1. In WT mice (top left), OCN is y-carboxylated in osteoblasts before it is se-
creted. Most of the secreted GLA-OCN is stored in the bone ECM, but some GLA-OCN escapes bone ECM embedding and reaches the circulation. Bone
resorption by osteoclasts was previously shown to decarboxylate GLA-OCN, generating active GLU-OCN, which favors glucose tolerance (Ferron et al.,
2010aq). In Ggex;Col1a1-Cre mice (top right), there is an increase in serum GLU-OCN, leading to improved glucose tolerance. Some GLA-OCN remains
in the bone ECM and in the serum because of the partial inactivation of Ggex. In Ggex": OC-Cre mice (bottom left), OCN is poorly carboxylated and
therefore escapes ECM embedding. Most of the serum OCN is undercarboxylated. In Vkorc 1%%;OC-Cre mice (bottom right), some GLA-OCN is secreted
by osteoblasts, most likely because of the exogenous contribution of VK1, which is converted to VKH, in osteoblasts by an unknown enzyme. Our data
suggest that this enzyme is not VKORC1L1. It is possible that the high level of serum GLU-OCN in Ggex; OC-Cre and in Vkorc 1%"; OC-Cre mice leads to

desensitization of the OCN receptor.

we found that ex vivo, Ggcx- and Vkorcl-null osteoblasts are
equally ineffective at y-carboxylating OCN in the absence of
VK. In contrast, the addition of VK1 could rescue the defect in
Vkorcl ™ osteoblasts only. Moreover, we provide evidence
that preventing coprophagy even for a short period of 5 d re-
duced even further OCN +y-carboxylation in Vkorc",0C-Cre
mice. In line with this result, injections of massive doses of
VK1 correct the bleeding defect in mice or humans lacking a
functional VKORC1 (Rost et al., 2004; Spohn et al., 2009) or
rats treated with the VKORCI inhibitor warfarin (Price et al.,
1982). These observations suggest the existence of a warfarin-
resistant “antidotal enzyme” reducing VK1 to VKH, in hepato-
cytes. Studies by Wallin and Martin (1985) and Ingram et al.
(2013) provide evidence that a yet to be identified NAD(P)H-
dependent VK reductase present in liver microsomes is involved
in this antidotal response. Although our data do suggest that an
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antidotal VK reductase enzyme is also present in osteoblasts,
we do not yet know the identity of this enzyme.

VKORC1L1 is not implicated

in y-carboxylation in osteoblasts

VKORCILI is a vertebrate paralogue of VKORCI, which has
been suspected to possess VKO and/or VK reductase activity
in vitro (Westhofen et al., 2011; Tie et al., 2014), and therefore
could compensate for the absence of VKORCI in cells and
some mouse tissues (Hammed et al., 2013; Tie et al., 2013). We
tested in vivo whether VKORCI1L1 exerts a redundant func-
tion with VKORCI by generating global and cell-specific dele-
tion of these genes and by measuring the y-carboxylation of
OCN. Using mice lacking either VKORC1 or VKORCILI in
osteoblasts, we found that only VKORCI is required for the
v-carboxylation of OCN in these cells. Moreover, the combined
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deletion of Vkorcl and Vkorclll did not further increase GLU-
OCN in vivo or in cell culture. Finally, that VKORCI1 and
GGCX but not VKORCILI localized in the ER in osteoblasts
further indicates that, at least in osteoblasts, VKORCI1 and
VKORCILLI have different cellular functions.

Our data also show that in hepatocytes and in osteoblasts,
VKORCILL is not involved in y-carboxylation and is not able
to compensate for the absence of VKORCI1. The notion that
VKORCI1 and VKORCILI may have different cellular and
physiological functions is further supported by a recent study
showing that, although VKORC is a three—transmembrane do-
main (TMD) membrane protein with its N terminus in the ER
lumen and its C terminus in the cytoplasm, VKORCILI is a
four-TMD membrane protein with both termini located in the
cytoplasm (Tie et al., 2014). Moreover, it was shown recently
that an Arg98Trp mutation in VKORCTI that causes VK-dependent
clotting factor type 2 deficiency disrupts a di-arginine—based
ER retention motif responsible for ~80% of the ER localization
of this protein (Czogalla et al., 2014). Interestingly, alignment
of VKORC1 and VKORCIL1 failed to identify this di-arginine
motif in VKORCILI (unpublished data), thus supporting the no-
tion that these two proteins may have different subcellular local-
izations. Importantly, our results do not exclude in any way the
possibility that VKORCI1LI may possess VKO or VK1 reductase
activity or that in other yet-unidentified cell types VKORCI1L1
can support y-carboxylation. It is also possible that in osteoblasts
VKORCIL1 acts as a VK-binding protein that would not, how-
ever, be involved in y-carboxylation of OCN. Further investiga-
tions will address these questions.

In summary, this work provides in vivo and direct evidence
that y-carboxylation of OCN by GGCX is a negative regulator
of its endocrine function (Fig. 8). Moreover, using genetic ap-
proaches, we delineated the importance of VKORCT in the process
of y-carboxylation in osteoblasts and suggest that its paralogue,
VKORCIL1, may have a distinct physiological function.

Materials and methods

Mouse models

Ocn*/~ mice were generated by simultaneously deleting Ocn T and Ocn2
genes in the mouse OCN cluster and by replacing them with a Neomycin
resistance cassette by homologous recombination (Ducy et al., 1996). The
Collal-Cre transgenic mice express the Cre recombinase under the con-
trol of the 2.3kb proximal fragment of the a1(l}-collagen promoter, which is
expressed at a high level in osteoblasts (Dacquin et al., 2002). The OC-Cre
transgenic mice express Cre recombinase under the control of a fragment
of the human OCN promoter (Zhang et al., 2002). To obtain mice harbor-
ing conditional alleles of Ggcx, Vkorcl, and Vkorc1l1, we constructed
three DNA targeting vectors to allow the introduction by homologous re-
combination of two loxP sites in the Ggcx, Vkorc1, and Vkorc 11 locus, re-
spectively (Figs. S1 A, S2 A, and S4 A). A Neomycin resistance cassette
(NEO) flanked by two loxP sites was also included in each construct to
allow positive selection, whereas a thymidine kinase selection cassefte
served as a negative selection for nonspecific recombination events in the
Ggcex and the Vkorcl constructs. These vectors were individually electro-
porated into embryonic stem cells that were subsequently selected with
G418 and ganciclovir, and correctly targeted clones were identified by
Southern blot analysis (Figs. S1 B, S2 B, and S4 B). Positive clones were
injected in blastocysts and implanted in pseudopregnant females to gener-
ate chimeric mice. The chimeras were breed with WT mice, and germline
transmission of the targeted allele was confirmed by Southern blot hybridiza-
tion. These mice were next crossed with EIIA-Cre mice, which allow partial
recombination of loxP sequence in early mouse embryo (Xu et al., 2001),

thus resulting in the excision of the NEO cassette and the generation of the
floxed (fl) alleles. PCR-based genolyping confirmed that we have obtained
Ggex"*, Vkorc1"*, and Vkorc111%* mice (Figs. S1 C, S2 C, and S4 C).
In a separated cross, the Vkorc1%* and Vkorc1/1%* mice were bred with
CMV-Cre (Schwenk et al., 1995) to inactivate Vkorc1 and Vkorc1l1 in the
germ cells and obtain mice carrying a null allele of these genes, i.e.,
Vkorc1*/~ and Vkorc111*/~ (Figs. S2 D and S4 F). Male mice maintained
on ND were used in all experiments, except where indicated. Tissue DNA
was extracted by standard procedure, and PCR was performed with the
indicated genotyping PCR primers (Table S1). All of the animal proto-
cols were reviewed and approved by an Institutional Animal Care and
Use Committee.

Metabolic analysis

In adult mice, GTTs were performed after overnight fasting. A dose of glu-
cose (1.3 or 2 g/kg, depending on the experiment) was administrated
i.p., and blood glucose levels were measured at the indicated time points.
ITT was performed after 4 h of fasting: 0.75 U/kg insulin (Humulin; Lilly)
was injected i.p., and blood glucose was measured at the indicated time
points. In some experiments, mice were fed an HFD starting at 4 wk of age
(Research Diets D12331). HOMAR was calculated using the following
formula (Turner et al., 1979):

HOMA-R = (G x I ) + 405,

where G, is fasting blood glucose in mg/dl and Iy is fasting insulin in
mU/ml.

The energy expenditure measurements were obtained using a six-
chamber Oxymax system (Columbus Instruments). After 12-h acclimation
to the apparatus, data for 24-h measurement were collected and ana-
lyzed as recommended by the manufacturer. Oxygen consumption was
measured by calculating the difference between input oxygen flow and
output oxygen flow. Similarly, carbon dioxide production was measured
by calculating the difference between output and input carbon dioxide
flows. Heat production was calculated by indirect calorimetry using the
following formulas:

Heat =CV x VO, / BW,
CV =3.815+1.232xRER,
RER =VCO, / VO,.

Bone histomorphometry and pCT

For bone histomorphometry analysis, lumbar vertebrae were dissected,
fixed in 10% formalin, dehydrated in graded ethanol series, and embed-
ded in methyl methacrylate resin (Chappard et al., 1987). Von Kossa/Van
Gieson staining was performed using 7-pm sections for bone volume over
tissue volume (BV/TV) measurement. Calcein (Sigma-Aldrich) was dis-
solved in buffer (0.15 M NaCl and 2% NaHCO3) and injected twice at
0.125 mg/g body weight on days 1 and 4, and mice were sacrificed on
day 6. 5-pm bone sections were cleared in xylene and used for bone for-
mation rate (BFR) and mineralization apposition rate (MAR) measurements.
For the analysis of osteoblast and osteoclast, sections were stained with to-
luidine blue and tartrate-resistant acid phosphatase (TRAP), respectively.
Histomorphometric analyses were performed using the OsteoMeasure
Analysis System (OsteoMetrics). Micro computed tomography (pCT) of
fixed femur was performed at the Montreal Center for Bone and Periodon-
tal Research on a SkyScan 1072 apparatus.

Cell culture

Calvaria osteoblasts were isolated from 3-d-old mice and cultured as previ-
ously described (Ducy and Karsenty, 1995). In brief, dissected calvarias
were washed once with 1x PBS and digested at 37°C twice for 10 min
and twice for 30 min in «MEM containing 0.1 mg/ml collagenase type 2
(Worthington Biochemical Corporation) and 0.25% trypsin. Cells of the first
two digestions were discarded, whereas cells released from the third and
fourth digestions were plated in «MEM supplemented with 10% FBS. Con-
trols and Ggex™/~, Vkorc1~/~, and Vkorc 1117/ osteoblasts were generated
ex vivo by infecting Ggex", Vkorc 1™, and Vkorc 111% with either GFP- or
Cre-expressing adenovirus (University of lowa) at an MOI of 200. Thereafter,
to induce osteoblast differentiation, «sMEM was supplemented with 5 mM
B-glycerophosphate and 100 pg/ml 1-ascorbic acid and replaced every
2 dfor 21 d. Von Kossa staining was used fo assess mineralization of osteo-
blast culture. As indicated in some experiments, osteoblasts were derived in
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culture from bone marrow according to standard protocols (Owen and Pan,
2008). In this case, long bones (tibias and femurs) from 2-4-wk-old animals
were dissected, and bone marrows were flushed out using 1x PBS. Cells
were seeded at 8 million/well in 6-well plates in tMEM supplemented with
10% FBS. Medium was changed 3 d later. After 7 d of culture and every
third day thereafter, medium was changed for the differentiation medium:
aMEM supplemented with 10% FBS, 100 pg/ml L-ascorbic acid, 5 mM
B-glycerophosphate, and 1078 M dexamethasone. After 2 wk of culture in
the differentiation medium, mineralization nodules were observed. Cells were
lysed, and the extracts were analyzed by Western blotting or by QPCR. To
measure recombination at the Ggex locus, genomic DNA was prepared
from Ggex!, Ggex"; OC-Cre, or Ggex"; Col1a 1-Cre bone marrow-derived
osteoblasts, and Ggex DNA was quantified by QPCR using primers Ggex P1
and Ggex P2 (Table S1) and normalized to the Atcb genomic DNA.

Biochemical experiments

10 mg/ml VK1 (Hospira) was converted to VKO by oxidation with hydro-
gen peroxide in basic ethanol solution as previously described (Tishler
et al., 1940). In brief, VK1 was dissolved in absolute ethanol and heated
to 80°C. 30% hydrogen peroxide (1:50 volume) and 0.5 g/ml sodium car-
bonate solution (1:20 volume) were added, and the solution was shaken
for 15 min. A second aliquot of 30% hydrogen peroxide (1:50 volume)
was added to the reaction mixture, and the solution was incubated for an
additional 45 min. The reaction was next diluted with distillated water and
VKO extracted with hexane and concentrated under a stream of nitrogen.
Bone extracts were prepared by homogenizing bone marrow-flushed tib-
iae and femurs in lysis buffer (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Triton, T mM PMSF, and 1x protease inhibi-
tors cocktail). To detect OCN, VKORC1 and VKORCI1L1 proteins were re-
solved on 10% acrylamide Tris-Tricine gels, whereas 7.5% Tris-Glycine gels
were used for GGCX. Western blot analyses were performed according to
standard protocols. Antibodies used were anti-GGCX (rabbit, 16209-1-
AP; Proteintech), VKORCI1L1 (rabbit, ab116508; Abcam), B-actin (mouse,
A5441; Sigma-Aldrich), KDEL (mouse clone 10C3, ADI-SPA-827; Enzo
Life Sciences), and OCN C terminus polyclonal goat antibody, which rec-
ognized aa 26-46 corresponding to mature mouse OCN (Ferron et al.,
2010b). Rabbit anti-VKORC1 antisera were obtained by immunizing rab-
bits with a GST fusion protein containing aa 30-80 corresponding to
mouse VKORC1 protein. Anti-VKORC1 antibodies were next affinity puri-
fied using a peptide corresponding to VKORC1 aa 30-80. Antiserum and
media levels of carboxylated, undercarboxylated, and total OCN were
measured using ELISA assays as described previously (Ferron et al., 2010b).
In brief, the GLA ELISA detects OCN only when it is carboxylated on the
residue GLU13. The GLU ELISA quantifies the uncarboxylated form of
OCN. The total ELISA detects OCN whether it is carboxylated or not.

Gene expression

Cells were collected, and RNA isolation, cDNA preparation, and realtime
PCR analysis were performed according to standard protocols. In brief,
total RNA was extracted (Chomczynski and Sacchi, 2006), DNase | treated,
and reverse transcribed with random and oligo dT primers using MMLY
(Invitrogen). The cDNA samples were then used as templates for QPCR anal-
ysis that was performed using FastStart SYBR Green Master Mix (Roche)
and gene-specific primers (Table ST) on an Mx3005P (Agilent Technolo-
gies). Expression levels of all QPCR reactions were normalized using Actb
expression levels as an internal control for each sample.

Microscopy

Mouse calvaria osteoblasts were plated on glass coverslips and cultured in
osteoblast differentiation medium for 4 d. Cells were fixed in 4% formalin
for 15 min, and immunofluorescence was performed according to a stan-
dard protocol (Cell Signaling Technology). The coverslips were next hy-
bridized with primary rabbit (GGCX, VKORC1, or VKORC1L1; 1:50) and
mouse antibody (KDEL; 1:100) overnight at 4°C. After three washes with
1x PBS, the coverslips were incubated with secondary anti-mouse Alexa
Fluor 594 (1:1,000) and anti-rabbit Alexa Fluor 488 (1:1,000) for 1 h.
Coverslips were washed again, briefly stained with Hoechst to reveal nu-
clei, and mounted on slides with FluorSave reagent (EMD Millipore). Cells
were imaged at RT on a confocal microscope (LSM 710; Carl Zeiss) using
a Plan-Apochromat 63x objective (NA = 1.4) with oil Inmersol 158F (Carl
Zeiss) and the Zen 2009 software (Carl Zeiss). The images were analyzed
using Volocity software (PerkinElmer). Osteoblast cultures were imaged
under a dissecting microscope (Discovery.V12; Carl Zeiss) using a 0.63x
objective at RT, a 0.8x motorized zoom, an AxioCam ERc5s camera, and
the Zen 2012 software (Carl Zeiss). Histological sections of Von Kossa/Van
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Gieson staining were viewed under a light microscope (DM4000B LED;
Leica) using a 2.5x objective (NA = 0.07) at RT, a DP72 camera (Olympus),
and the CellSens Entry software (Olympus).

Statistics

Results are given as means = SEM. Statistical analyses were performed
using unpaired, two-tailed Student's f test for single time point measure-
ments. For repeated measurements (GTT and ITT), two-way ANOVA tests
for repeated measurement followed by Bonferroni post fests were performed.
In all figures, *, #, or & P < 0.05; **, ##, or &&: P < 0.01; ***, #i##, or
&&&: P < 0.001. All experiments were repeated at least three times or per-
formed on at least three independent animals.

Online supplemental material

Figs. S1 provides the targeting strategy used to generate Ggex™ mice, se-
creted levels of GLA, and total OCN in Ggex/~ osteoblast culture, recom-
bination efficiency in the different mutant strains, data on testicular function
in Ggex":Collal-Cre and Ggex"":OC-Cre mutant mice, and fasting
serum levels and HOMAIR values for the Ggex™*: Col1a1-Cre mice. Fig. S2
provides pCT and histological analyses of bones from Ggex*;OC-Cre
mice and ex vivo characterization of Ggex™/~ osteoblast function. Fig. S3
provides the targeting strategy used to generate Vkorc 1% mice, gen-
eration and characterization of Vkorc1~/~ mice, serum levels of OCN
in Vkorc17/~ pups, serum levels of GLA-OCN in Vkorc1%%;OC-Cre mice
in the absence of coprophagy, secreted levels of GLA and total OCN in
Vkorc 17/~ osteoblast culture, and mineralizing capacity of Vkorc1™/~
osteoblasts. Fig. S4 provides the targeting strategy used to generate
Vkorc 1117 mice, generation and characterization of Vkorc1/17/~ mice,
expression levels of Vkorc11 in Vkorc111%%,0C-Cre and in Vkorc111-/~
osteoblasts, serum levels of OCN in Vkorc1/1™/~ mice, and secreted lev-
els of GLA and total OCN in Vkorc1/17/~ and in Vkorc1~/~;Vkorc1l17/~
osteoblast cultures. Table S1 includes the sequence of the primers used in
this study. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.201409111/DC1.
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