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Loss of menin in osteoblast lineage affects osteocyte–
osteoclast crosstalk causing osteoporosis

Peng Liu1,2, Sooyeon Lee1,2, Jeanette Knoll2, Alexander Rauch2,9, Susanne Ostermay2, Julia Luther3, Nicole Malkusch1, Ulf H Lerner4,
Mario M Zaiss5, Mona Neven3, Rainer Wittig6, Martina Rauner7, Jean-Pierre David3,5, Philippe Bertolino8, Chang X Zhang8 and
Jan P Tuckermann*,1,2

During osteoporosis bone formation by osteoblasts is reduced and/or bone resorption by osteoclasts is enhanced. Currently, only
a few factors have been identified in the regulation of bone integrity by osteoblast-derived osteocytes. In this study, we show that
specific disruption of menin, encoded by multiple endocrine neoplasia type 1 (Men1), in osteoblasts and osteocytes caused
osteoporosis despite the preservation of osteoblast differentiation and the bone formation rate. Instead, an increase in osteoclast
numbers and bone resorption was detected that persisted even when the deletion of Men1 was restricted to osteocytes. We
demonstrate that isolated Men1-deficient osteocytes expressed numerous soluble mediators, such as C-X-C motif chemokine 10
(CXCL10), and that CXCL10-mediated osteoclastogenesis was reduced by CXCL10-neutralizing antibodies. Collectively, our data
reveal a novel role for Men1 in osteocyte–osteoclast crosstalk by controlling osteoclastogenesis through the action of soluble
factors. A role for Men1 in maintaining bone integrity and thereby preventing osteoporosis is proposed.
Cell Death and Differentiation (2017) 24, 672–682; doi:10.1038/cdd.2016.165; published online 20 January 2017

The maintenance of bone mass is severely affected in
osteoporotic patients and other bone disorders and can have
multiple etiologies. The complex communication of bone-
forming osteoblasts, bone-residing osteocytes, and bone-
resorbing osteoclasts is still not fully understood. Two hallmark
studies1,2 have demonstrated that osteocytes are the major
source of the osteoclastogenesis-stimulating factor RANKL
and thus key components in the control of bone mass. This
property goes beyond their previously suggested function of
sensing the mechanical loading of bone.3 PTH4 and
sclerostin5 have been reported to stimulate osteocytes to
support osteoclastogenesis via a RANKL-dependent path-
way. High-mobility group box 1 (HMGB1), which is chemotac-
tic to osteoclasts, is enhanced in apoptotic MLO-Y4 cells;6

however, there is little information on other factors controlling
osteoclast activity by osteoblast-derived osteocytes.
The nuclear protein menin encoded by the gene Men1

(multiple endocrine neoplasia type 1) has recently been
suggested to control bone mass at higher age through its
influence on the differentiation and function of osteoblasts.7

In vitro studies in cell lines and primary osteoblasts derived
from 6-month-old mice showed that menin promotes early
osteoblast differentiation in committed cells. Knockdown of
Men1with antisense oligonucleotides lead to enhanced BMP2
signaling8–10 and to facilitated inhibition of the late stage of

osteoblast differentiation by potentiating TGFβ-dependent
Smad3 signaling.11,12 Accordingly, reduced bone mass and
reduced bone formation due to decreased osteoblast pro-
liferation and differentiation and enhanced apoptosis have
been reported using aged osteocalcin-cre mice crossed to
Men1 floxed mice that leads to a conditional deletion of menin
in the late stage of differentiated osteoblasts.7 On the other
hand, aged osteoblast-specific menin transgenic mice were
found to display increased bone mass.7 However, whether
Men1 plays a role in bone cells to control bone integrity in
young or middle-aged mice is completely unknown.
Using multiple cre-lines, we comprehensively analyzed the

effects of loss of function of menin throughout the osteoblast
lineage, in osteoclasts, and in osteocytes on bone integrity.
Furthermore, we identified genes under the control of Men1
responsible for the osteocyte-dependent regulation of osteo-
clast formation.

Results

Men1 disruption in the osteoblast lineage severely
affects bone mass but not the bone formation rate. In
order to address the role of Men1 in the entire osteoblast
lineage including osteocytes in vivo, we generated mice
lacking Men1 specifically in the osteoblast lineage by
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Figure 1 DisruptingMen1 in the osteoblast lineage causes bone loss without altering the bone formation rate. (a) Micro CTreconstruction of femurs from 12-week-old female
Men1flox andMen1Runx2Cre mice. (b–e) Cancellous parameters such as bone volume per tissue volume (BV/TV) (b), trabecular thickness (Tb.Th.) (c), trabecular numbers (Tb.N.)
(d), and trabecular separation (Tb.Sp.) (e) were measured from distal femurs of female Men1flox and Men1Runx2Cre mice at indicated age by micro CT (n= 4 or 5). *Po0.05,
**Po0.01, ***Po0.001. (f and g) Primary calvarial osteoblasts were isolated fromMen1flox andMen1gtRosaCreERT2 mice. After pretreatment with 4-OHT to allow recombination of
the Men1flox allele, cells were cultured with or without osteogenic induction (OI) medium in the absence or presence of BMP2 for 7 and 12 days and stained for alkaline
phosphatase (f) and alizarin red (g), respectively. (h–j) mRNA expression levels of Alpl (h) and Sp7 (i) from 7-day-treated cells as in (f), and Bglap (j) from 12-day-treated cells
as in (g) were analyzed by QRT-PCR (n= 5). *Po0.05, **Po0.01, ***Po0.001 versus untreated Men1flox. (k and l) Fluorescent micrographs of dual calcein labeling (k) and
its quantitative analysis of bone formation rate per bone surface (BFR/BS) (l) by dynamic histomorphometry in femurs of 12-week-old female Men1flox and Men1Runx2Cre mice
(n= 4 or 5). (m) Determination of the serum PINP level (a bone formation marker) in 12-week-old female Men1flox and Men1Runx2Cre mice (n= 5). Data are represented as
mean±S.E.M.
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crossing Men1tm1.1Zqw (hereafter designated Men1flox) mice13

to Tg(Runx2-icre)1Jtuc (hereafter designated Runx2Cre)
mice14 to obtain Men1Runx2Cre mice. Immunohistochemistry
of femurs indicated a decreased menin expression in
osteoblasts and osteocytes of Men1Runx2Cre mice
(Supplementary Figure S1a). Successful recombination was
additionally confirmed by crossing a RosamT/mG (Tomato/
EGFP) reporter mouse15 to Runx2Cre mice and demonstrat-
ing cre-loxP recombination by GFP-positive osteoblasts and
osteocytes (Supplementary Figure S1b). Men1Runx2Cre mice
were viable without gross alterations of the skeleton
(Supplementary Figure S1c) and were born slightly below
the Mendelian ratio (Supplementary Table S1).
Strikingly, micro computed tomography (micro CT) revealed

a strong bone loss in the distal femur of female Men1Runx2Cre

mice (Figures 1a–e). This bone loss was observed in 4-week-
old mice and persisted upon aging (Figures 1b–e). Similarly,
bone loss was observed in male Men1Runx2Cre mice
(Supplementary Table S2), resembling osteoporosis.
Although trabecular thickness remained unaltered, the strong
decrease of trabecular bone mass in Men1Runx2Cre mice was
found to be caused by a low number of trabeculae and
an increased trabecular separation (Figures 1b–e and
Supplementary Table S2). Notably, cortical bone thickness in
the femur was unchanged (Supplementary Table S3).
Histomorphometry and micro CT analysis of tibiae and
vertebrae confirmed the trabecular bone loss (Supple-
mentary Figures S1d–h and Supplementary Table S2). Next,
we analyzed whether the osteoporotic phenotype was
specifically dependent on the elimination of Men1 in the
osteoblast lineage.
First, we corroborated that the observed bone loss strictly

depended on elimination of Men1 in the osteoblast lineage.
Mice with a disruption of Men1 in the myeloid lineage
(Lyz2tm1(cre)Ifo,16 hereafter designated Men1LysMCre mice)
including osteoclasts (Supplementary Figures S2a and b)
did not display any alterations in trabecular bone volume,
trabecular thickness, numbers, and separation
(Supplementary Figures S2c–f). In contrast, eliminating
Men1 in the early differentiated osteoblast lineage using
another osteoblast-specific cre-line, Tg(Sp7-tTA,tetO-EGFP/
cre)1Amc (hereafter designated OsxCre) mice,17 reproduced
the severe osteoporosis as observed in Men1Runx2Cre mice.
The resulting Men1OsxCre mice also displayed a strong
decrease of trabecular bone volume and trabecular numbers
and an increased trabecular separation, whereas trabecular
thicknesswas only slightly affected (Supplementary Table S2).
Second, we asked whether loss of Men1 influenced the

expression of osteoblast marker genes and osteoblast
numbers in vivo. The mRNA expression of osteoblast marker
genes such as Alpl, Col1a1, Runx2, and Bglap was similar in
the calvarial bone ofMen1Runx2Cre mice compared with control
(Men1flox) (Supplementary Figures S3a–d). In line with this,
dynamic histomorphometry of vertebrae did not detect
significant changes of osteoblast numbers and osteoblast
surface (Supplementary Figures S3e and f). Osteocyte
number was significantly higher in Men1Runx2Cre mice
(Supplementary Figure S3g).
Furthermore, we asked whether Men1 deficiency could

influence osteoblast differentiation in vitro as suggested in

previous studies.7,12 To eliminate Men1 efficiently in osteo-
blast progenitor cells, we cultivated mesenchymal progenitor
cells and primary calvarial osteoblasts derived from Men1flox

mice crossed to a mouse line with ubiquitous expression of a
Cre-ERT2 fusion protein (Gt(ROSA)26Sortm9(Cre/ESR1)Arte,
hereafter designated gtRosaCreERT2), allowing a dramatic
decrease in Men1 expression upon tamoxifen treatment
(Supplementary Figures S3o, p, and s). Disruption of Men1
in vitro did not affect the growth of calvarial osteoblasts
(Supplementary Figure S3h). Intriguingly, the differentiation of
Men1-deficient calvarial osteoblasts and mesenchymal pro-
genitor cells was unaffected and the cells responded normally
to BMP2-induced differentiation as indicated by histochemical
staining (Figures 1f, g and Supplementary Figures S3i–l) and
marker gene expression (Figures 1h–j, Supplementary
Figures S3m and n). In accordance with these results, no
major differences were observed in the BMP2-induced
phosphorylation of Smad1/5/8 (Supplementary Figure S3p)
and induction of the BMP2–Smad target genes Id1 and Dlx5
(Supplementary Figures S3q and r) between control and
Men1-deficient cells.
As it was previously reported that inhibiting Men1 expres-

sion with antisense oligonucleotides could affect TGFβ
signaling,11 we also analyzed the TGFβ-induced phosphor-
ylation of Smad3 as well as the expression of TGFβ-induced
genes in the absence of Men1 in osteoblasts. No significant
difference was found at the level of Smad3 phosphorylation,
nor at expression levels of the TGFβ target genes Serpine and
Skil in the absence of Men1 (Supplementary Figures S3s–u).
In accordance with the unaltered osteoblast differentiation,

there was no difference in the bone formation rate in femurs
(Figures 1k and l) and vertebrae (Supplementary Figures S3v
and w) of 12-week-old Men1flox and Men1Runx2Cre mice.
Correspondingly, the serum PINP level was not changed in
Men1Runx2Cre mice (Figure 1m). However, the bone formation
rate in 12-month-old Men1Runx2Cre mice was significantly
reduced (Supplementary Figures S3x and y). This corrobo-
rates the finding of Kanazawa et al.7 who described impaired
osteoblast function in 9- and 12-month-old mice in whichMen1
was eliminated by an osteocalcin-cre.
In summary, despite a possible role for Men1 in bone

formation during aging, no drastic changes of osteoblast
marker gene expression, osteoblast number, and osteoblast
function were observed in young and middle-aged mice
lacking Men1 in the osteoblast lineage.

Men1 deficiency in the osteoblast lineage, specifically in
osteocytes, leads to an enhanced osteoclastogenesis.
We observed a strong increase of osteoclast numbers and
surface in femurs (Figures 2a and b) and vertebrae
(Supplementary Figures S4a and b). These increases were
also seen in calvaria (Supplementary Figures S4c–e) and
were associated with a high porosity (Supplementary
Figure S4f). Bone resorption as determined by serum
C-terminal telopeptide (CTX) level was increased in
12-week-old Men1Runx2Cre mice (Figure 2c). To test whether
Men1-deficient osteoblasts could cause greater osteoclasto-
genesis, we performed osteoblast–osteoclast co-culture by
using control or Men1-deficient osteoblasts and wild-type
osteoclast precursors. Surprisingly, the Men1-deficient
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osteoblasts could not trigger higher osteoclast numbers
(Figure 2d).
Osteocyteswere recently established asmajor producers of

RANKL in bone and therefore important regulators of
osteoclastogenesis.1,2 As deletion of Men1 by the cre-loxP
system in osteoblasts also affects Men1 expression in
osteocytes (Supplementary Figures S1a and b), we further
tested the capacity of Men1-deficient osteocytes to stimulate
osteoclast formation ex vivo. To this end, we isolated primary
osteocyte-enriched fractions from Men1gtRosaCreERT2 mice.
These cells expressed higher Dmp1 and lower Alpl levels
when compared with primary osteoblasts, confirming the
efficacy of the isolation of osteocytes (Supplementary Figures
S5a and b). Following 4-hydroxytamoxifen (4-OHT) treatment
to eliminate the Men1 gene (Supplementary Figure S5c), the
osteocyte-enriched fraction was co-cultivated with wild-type
bone marrow cells (BMCs) containing osteoclast progenitor
cells. As a result, osteoclast number and osteoclast area were
significantly higher in the co-culture containingMen1-deficient
osteocytes (Figures 2e–g).

Men1 deficiency in osteocytes leads to an enhanced
osteoclastogenesis in vivo. The in vitro co-culture
experiments suggested that the increased osteoclast number
in the mice lacking Men1 in the osteoblastic lineage was
conferred by Men1-deficient osteocytes rather than osteo-
blasts. To confirm this hypothesis in vivo, we generated mice
lacking Men1 in osteocytes, but not in early differentiated
osteoblasts, by crossing Men1flox mice to Tg(Dmp1-cre)1Jqfe
(hereafter designated Dmp1Cre) mice18 to obtain
Men1Dmp1Cre mice. Loss of menin in osteocytes in
Men1Dmp1Cre mice was confirmed by immunohistochemistry
(Supplementary Figure S5d) and by crossing Men1Dmp1Cre

mice to RosamT/mG reporter mice that displayed a strongly

diminished Men1 expression in GFP-positive cells (Figure 3a
and Supplementary Figure S5e). As Dmp1 is also expressed
in mature osteoblasts, we stained osteocalcin as a mature
osteoblast marker in Men1Dmp1Cre; RosamT/mG reporter mice
(Supplementary Figure S5f) to determine the degree of
recombination in these cells. We found that 29±9% of
osteocalcin-stained mature osteoblasts were EGFP positive,
indicating that a minor fraction of the late-stage differentiated
osteoblasts is also mutant in addition to osteocytes in
Men1Dmp1Cre; RosamT/mG mice. Micro CT analysis revealed
a severe osteoporosis in the distal femur of adult
Men1Dmp1Cre mice (Figures 3b–f). The decrease of trabecular
bone mass in Men1Dmp1Cre mice was because of a low
number of trabeculae and an increased trabecular separa-
tion. Trabecular thickness was again unchanged. Osteoblast
number, osteoblast surface, and osteocyte number were not
altered in Men1Dmp1Cre mice (Figures 3g–i). Accordingly, the
bone formation rate and serum PINP level were not different
between Men1flox mice and Men1Dmp1Cre mice (Figures 3j–l).
Osteoclast number, osteoclast surface, and CTX level were
significantly elevated in Men1Dmp1Cre mice (Figures 3m–o),
whereas RANKL and OPG levels were not changed
(Supplementary Figures S5g and h). Thus, a similar bone
phenotype was observed in Men1Dmp1Cre mice as shown in
Men1Runx2Cre and Men1OsxCre mice. Together with the
observed increase of osteoclastogenesis by osteocytes,
these observations strongly suggest that osteoporosis by
loss of Men1 is executed by osteocytes in these three
different conditional knockout mouse strains.

Menin suppresses CXCL10 to regulate osteocyte–osteo-
clast crosstalk. We could not detect differences in Tnfsf11
(RANKL) and Tnfrsf11b (OPG) expression in the bone of
Men1Dmp1Cre mice (Supplementary Figures S6a and b). We

Figure 2 Bone resorption is enhanced in Men1Runx2Cre mice, caused by Men1 deficiency in osteocytes. (a and b) Osteoclast numbers per bone perimeter (N.Oc/B.Pm) (a)
and osteoclast surface per bone surface (Oc.S/BS) (b) in sections of femoral trabecular bone were measured by histomorphometry (n= 4 or 5). (c) Determination of resorption by
assessment of the serum level of the biomarker CTX in 12-week-old femaleMen1flox andMen1Runx2Cre mice (n= 5). (d) Number of multinucleated TRAP-positive osteoclasts was
counted from primary co-cultures of wild-type BMCs with Men1flox orMen1gtRosaCreERT2 primary osteoblasts (n= 3). (e–g) Osteoclastogenesis of primary co-cultures of wild-type
BMCs with Men1flox or Men1gtRosaCreERT2 primary osteocytes was visualized by TRAP staining (e). Number of multinucleated TRAP-positive cells (f) and their area (g) were
determined (n= 3). *Po0.05, **Po0.01. Data are represented as mean± S.E.M. Scale bar: 25 μm
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Figure 3 Men1 deficiency in osteocytes leads to an enhanced osteoclastogenesis in vivo. (a) Real-time PCR analysis of Men1 mRNA expression in FACS-sorted GFP-
positive cells from femoral bone of Men1Dmp1Cre mice crossed to RosamT/mG mice in animals heterozygous and homozygous for Men1flox. (b–f) Micro CT reconstruction (c) of
femurs from 12-week-old female Men1flox and Men1Dmp1Cre mice. Cancellous parameters such as BV/TV (b), Tb.Th. (d), Tb.N. (e), and Tb.Sp. (f) were measured from distal
femurs of 12-week-old female Men1flox and Men1Dmp1Cre mice by micro CT (n= 4 or 5). (g–i) Osteoblast number per bone perimeter (N.Ob/B.Pm) (g), osteoblast surface per
bone surface (Ob.S/BS) (h), and osteocyte number per bone area (N.Ot/B.Ar) (i) in trabecular bone of distal femoral sections from 12-week-old femaleMen1flox andMen1Dmp1Cre

mice were measured by histomorphometry (n= 4 or 5). (j and k) Fluorescent micrographs of dual calcein labeling (j) and its quantitative analysis of BFR/BS (k) in femoral
sections of 12-week-old female Men1flox and Men1Dmp1Cre mice (n= 4 or 5). (l) Determination of the serum PINP level in 12-week-old female Men1flox and Men1Dmp1Cre mice
(n= 5). (m and n) N.Oc/B.Pm (m) and Oc.S/BS (n) in trabecular bone of distal femoral sections from 12-week-old female Men1flox and Men1Dmp1Cre mice were measured by
histomorphometry (n= 4 or 5). (o) Determination of resorption from the serum CTX level in 12-week-old female Men1flox and Men1Dmp1Cre mice (n= 5). *Po0.05, **Po0.01,
***Po0.001. Data are represented as mean± S.E.M.
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therefore tested whether other soluble factors derived from
Men1-deficient osteocytes affected osteoclastogenesis.
Transfer of conditioned medium from cultured Men1-deficient
osteocyte-enriched fractions to wild-type osteocyte-enriched
fractions/osteoclast co-cultures revealed a higher osteoclast
formation than the transfer of medium from wild-type
osteocyte-enriched fractions (Figures 4a–c). Furthermore,
the conditioned medium from osteocyte-enriched fractions
was added to wild-type osteoclast cultures. Again, the
conditioned medium from Men1-deficient osteocyte-
enriched fractions triggered higher osteoclast formation than
the medium from control osteocyte-enriched fractions
(Supplementary Figures S6c–e).
Our findings from the transfer of conditioned medium

suggested that the presence of soluble factors derived from
osteocytes lacking Men1 influenced osteoclastogenesis. Sub-
sequently, we performed a microarray analysis with the mRNA
of osteocyte-enriched fractions (Figures 4d–f). In total, 2288

differentially expressed geneswere found (Figure 4d). Of these,
775 genes (Figure 4e) were annotated as secreted factors
analyzed by DAVID bioinformatics resources.19 Of the 775
genes, 81 were upregulated in wild-type osteocytes and 30
were more highly expressed in Men1-deficient osteocyte-
enriched fractions (Figure 4f, e and Supplementary Table S4).
Among these 111genes, 12were related to osteoclastogenesis
based on the literature. All of the 12 osteoclastogenesis-
associated genes were subsequently analyzed for their
expression in entire calvarial bone of Men1Dmp1Cre mice by
QRT-PCR (Figure 4g and Supplementary Figures S6f–p). Of
these genes, C-X-C motif chemokine 10 (CXCL10), a
previously described osteoclastogenesis-inducing factor,20

showed the most strikingly elevated expression in entire
calvarial bone of Men1Dmp1Cre mice (Figure 4g). We also
detected enhanced CXCL10 secretion in supernatant medium
of organ cultures of calvarial bones (Figure 4h). Real-time PCR
confirmed a significantly higher Cxcl10 expression in Men1-

Figure 4 Men1 deficiency in osteocytes leads to an enhanced osteoclastogenesis via increased Cxcl10 expression. (a–c) Osteoclastogenesis was visualized by TRAP
staining of co-cultures of primary wild-type osteocytes and BMCs supplemented with conditioned medium from 4-OHT-pretreated Men1flox or Men1gtRosaCreERT2 osteocyte
cultures (a). Number of multinucleated TRAP-positive cells (b) and their area (c) were determined (n= 3). (d–f) Microarray analysis of Men1-deficient enriched osteocyte
fractions. (d) Scatter plot of normalized expression levels of control (Men1flox, x axis) and Men1-deficient (Men1gtRosaCreERT2, y axis) enriched osteocyte fractions. Probe sets
outside of the two diagonal lines represent 1.4-fold upregulated or 0.7-fold downregulated genes inMen1-deficient cells compared withMen1flox control cells. (e) Venn diagram of
Men1-regulated genes annotated as ‘secreted’ by DAVID. Numbers indicate genes highly expressed in Men1flox cells (left), no change (middle), or highly expressed in
Men1gtRosaCreERT2 cells (right), respectively. (f) Heat map of normalized expression levels of control (WT, Men1flox) and Men1-deficient (KO, Men1gtRosaCreERT2) osteocytes.
Secreted factors with high expression levels (450% of the total probe signals) with fold change values (2expression levels (KO-WT)) of41.4 (30 gene data sets) oro0.7 (81 gene
data sets) were visualized in the heat map. (g) mRNA levels of Cxcl10 were determined from calvarial bone of 3-day-oldMen1flox andMen1Dmp1Cre mice by QRT-PCR (n= 4 or 5).
(h) CXCL10 levels in the supernatant after 5 days of organ culturing of calvaria from neonatalMen1Dmp1Cre mice were determined by ELISA (n= 3 or 4). (i) mRNA levels of Cxcl10
were determined by QRT-PCR in 4-OHT-pretreated enriched osteocyte fractions isolated fromMen1flox andMen1gtRosaCreERT2 mice (n= 3). (j and k) mRNA levels ofMen1 (j) and
Cxcl10 (k) were determined by QRT-PCR in Men1-overexpressing MLO-Y4 cells after treatment with control media or vitamin D3 (n= 3). *Po0.05, **Po0.01, ***Po0.001.
Data are represented as mean±S.E.M. Scale bar: 25 μm
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deficient primary osteocytes (Figure 4i). Similar results were
found from calvaria of Men1Runx2Cre mice (Supplementary
Figure S6q). Contra to the increased Cxcl10 expression in
Men1-deficient osteocyte-enriched fractions, Men1 overex-
pression in the MLO-Y4 osteocyte cell line (Figure 4j) sig-
nificantly diminished basal and 1,25-dihydroxyvitamin

D3-induced levels of Cxcl10 expression (Figure 4k). These
data indicate a specific role for Men1 in osteocytes in the
regulation of Cxcl10 expression. Furthermore, CXCL10-
neutralizing antibodies significantly reduced osteoclastogen-
esis in wild-type BMCs co-cultured with Men1-deficient
osteocyte-enriched fractions (Figures 5a–c). Of note, these

Figure 5 CXCL10-neutralizing antibody rescues enhanced osteoclastogenesis. (a–c) CXCL10-neutralizing antibody (20 ng/ml) or IgG was added to co-cultures of wild-type
BMCs with Men1-deficient primary osteocytes isolated from Men1gtRosaCreERT2 mice and treated with 4-OHT. Co-cultures were stained for TRAP activity (a). Number of
multinucleated TRAP-positive cells (b) and their area (c) were determined (n= 3). (d–f) CXCL10-neutralizing antibody (20 ng/ml) or IgG was added to co-cultures of wild-type
BMCs with primary osteocytes isolated from Men1flox and Men1gtRosaCreERT2 mice and treated with 4-OHT. The co-cultures were seeded on bone slices. Resorption pits were
stained with toluidine blue (d). Pit area (e) and CTX levels in the supernatant (f) were determined (n= 3). (g–j) Organ cultures of calvaria from neonatal Men1Dmp1Cre mice
were treated with IgG or CXCL10-neutralizing antibody. TRAP staining was performed and osteoclasts were visualized (arrows) (g). Acp5 (h) and Ctsk (i) mRNA levels were
determined by QRT-PCR. CTX levels in the supernatant (j) were determined by ELISA (n= 3 or 4). (k–m) IgG or CXCL10-neutralizing antibody was subcutaneously injected over
the calvaria of 12-week-old female Men1flox and Men1Dmp1Cre mice. TRAP staining was performed (k). Acp5 (l) and Tnfrsf11a (m) mRNA levels were determined by QRT-PCR
(n= 4). *Po0.05, **Po0.01, ***Po0.001. Data are represented as mean± S.E.M. Scale bar: 25 μm
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neutralizing antibodies did not affect wild-type osteocyte-
enriched fractions co-cultured with BMCs (Supplementary
Figures S6r and s). In order to assess the resorption ability
in vitro, the co-cultures were performed on bone slices.
Co-cultures with Men1-deficient osteocyte-enriched fractions
displayed a clear tendency of higher resorption pit area
and significantly increased CTX release that were
significantly reduced by the CXCL10-neutralizing antibodies
(Figures 5d–f).
We verified these findings in organ cultures of calvaria

derived from Men1Dmp1Cre mice. TRAP staining, osteoclast
marker expression, and the level of resorption marker CTX in
the supernatant were all decreased upon CXCL10-neu-
tralizing antibody treatment (Figures 5g–j), indicating that
CXCL10 mediates increased osteoclastogenesis and resorp-
tion in intact bones.
Furthermore, CXCL10-neutralizing antibodies were

subcutaneously injected over the calvaria of Men1flox and
Men1Dmp1Cre mice. Osteoclast indicating TRAP staining
was reduced in CXCL10-neutralizing antibody-treated
Men1Dmp1Cre mice (Figure 5k). Osteoclast marker expression
was also reduced in the calvaria of these mice (Figures 5l
and m). Thus, these data demonstrate the reduction of
enhanced osteoclastogenesis in Men1Dmp1Cre mice by
CXCL10-neutralizing antibodies in vivo.
In summary, Men1 deficiency specifically in osteocytes

increases Cxcl10 expression and enhances osteoclastogen-
esis in vitro and in vivo that contributes to the osteoporotic
phenotype observed in mice with a disruption of Men1 in
osteoblast-derived osteocytes (Men1Runx2Cre, Men1OsxCre,
and Men1Dmp1Cre mice).

Discussion

In this study, we uncover the role ofMen1 in maintaining bone
integrity via osteocyte–osteoclast crosstalk. Men1 deficiency
in the osteoblast lineage does not affect bone formation,
whereby Men1 deficiency in osteocytes promoted osteoclas-
togenesis by enhancing the production of soluble factors, such
as CXCL10, causing osteoporosis in young or middle-
aged mice.
In agreement with a previous study,7 we observed a

decrease of bone formation in aged 12-month-old female
mice. Strikingly, in middle-aged mice, we unequivocally show
that selectiveMen1 deletion in the osteoblastic lineage in three
distinct conditional Men1 mutant mouse lines does not alter
bone formation, as indicated by the bone formation rate in
femurs and vertebrae as well as systemic PINP levels. Our
conclusion is supported by the ex vivo analysis of osteoblast
differentiation in the absence of Men1 in uncommitted
mesenchymal stromal cells and neonatal calvarial osteo-
blasts. In primary uncommitted mesenchymal stromal cells
from 6- to 8-week-old mice and neonatal calvarial osteoblasts
from 3- to 5-day-old newborn mice with an efficient deletion of
Men1 using an inducible cre-loxP system, we did not detect
any differences in osteoblast proliferation and their differentia-
tion potential. This is in contrast to previous studies by
Kanazawa et al.7 who described a decreased osteoblast
differentiation of primary calvarial cells derived from 6-month-
old Men1flox-osteocalcin-cre mice. In addition, previous

studies suggested a decrease of BMP2-Smad1/5/8 signaling
and an increase of TGFβ signaling upon abrogation of
Men1.7,11,12 In osteoblast progenitor cells with a complete
elimination of Men1, no major difference was evident in either
Smad1/5/8 phosphorylation or Smad3 phosphorylation upon
BMP2 and TGFβ stimulation, respectively. Furthermore, the
response of BMP2 and TGFβ target genes was unaltered and,
importantly, the effect on osteoblast differentiation was
unchanged in calvarial andmesenchymal stromal cells. These
discrepancies may be explained in part by the fact that
antisense oligonucleotides were used in the in vitro
studies,7,11,12 a technology associated with many undefined
off-target effects. The primary cells analyzed by Kanazawa
et al.7 were derived from aged calvaria and we cannot exclude
the possibility that such old cells devoid of Men1 display a
different response. In summary, our findings support the lack
of alterations in osteoblast numbers and the bone formation
rate seen in 3-month-old Men1Runx2Cre mice in vivo.
In this study, we show a novel role for Men1 in osteocytes

governing bone resorption. Osteocytes were recently identi-
fied as the major source of RANKL in adult mice that is
essential for bone resorption.1,2 We found in the absence of
Men1 in osteoblasts an increased osteocyte number that was
also observed inMen1flox-osteocalcin-cre mice.7 However, in
Men1Dmp1Cre mice, osteocyte numbers were unaltered,
indicating that Men1 within osteocytes does not affect the
abundance of these cells. Nonetheless, in Men1Dmp1Cre mice,
despite unaltered RANKL expression, we also observed
enhanced osteoclast numbers and enhanced resorption
based on increased CTX levels in the serum and co-cultures
of Men1-deficient osteocyte-enriched fractions with osteo-
clasts. Given that bone mass is already substantially reduced,
the elevated levels of CTX indicate a massive enhanced
resorption activity in the remaining bone. This was not due to
an intrinsic effect of Men1 in osteoclasts, as there is no
recombination in osteoclasts in Runx2Cre,14 OsxCre,17 and
Dmp1Cre mice.18 Accordingly, Men1LysMCre mice exhibiting a
loss of Men1 in myeloid cells displayed a normal bone
phenotype, confirming that bone mass is not affected byMen1
in osteoclasts.
However, because of the fact that Dmp1Cre recombination

occurs in osteocytes as well as in 29± 9% of late-stage
osteoblast populations1 (Supplementary Figure S5f), we
cannot fully exclude a possible contribution of Men1-deficient
osteoblasts to the enhanced osteoclastogenesis. However,
the failure of Men1-deficient osteoblasts, in contrast to Men1-
deficient osteocyte-enriched fractions, in enhancing osteo-
clastogenesis and resorptive activity in co-cultures favors a
dominant role of Men1 in osteocytes in suppressing osteo-
clastogenesis in vivo.
This is further supported by enhanced release of several

soluble factors from Men1-deficient osteocytes as being a
causative determinant for enhanced osteoclastogenesis. For
example, conditioned medium derived from Men1-deficient
osteocyte-enriched fractions displayed an enhanced osteo-
clastogenic potential, revealing for the first time the role of
osteocyte-secreted factors in causing greater osteoclastogen-
esis. The annotation toward secreted factors from an RNA
expression profile defined a potential secretome containing
candidate genes important for osteocyte–osteoclast crosstalk
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beyond the regulation of RANKL. Among those identified,
CXCL10 was found as most strongly induced in entire bone
because of a dramatic upregulation found in enriched
osteocyte fractions. CXCL10 has been reported to stimulate
osteoclast differentiation.20 Furthermore, the menin-
interacting partner MLL regulates Cxcl10 expression in
macrophages and this effect can be abrogated using an
MLL–menin inhibitor.21 We found a clear negative regulation
of Cxcl10 expression by Men1, as it was elevated in primary
osteocytes and bones from Men1Dmp1Cre mice and
Men1Runx2Cre mice and reduced in Men1-overexpressing
MLO-Y4 osteocyte cells. The functional relevance of
enhanced Cxcl10 expression was demonstrated by
CXCL10-neutralizing antibody treatment of (1) co-cultures,
(2) calvarial organ cultures, and (3) mice that resulted in
decreased osteoclast formation and resorption as indicated by
decreased TRAP staining, osteoclast marker gene expres-
sion, and CTX levels. Our data underscore a crucial role of
menin in the negative regulation of Cxcl10 transcription that
could be, at least partially, themolecular basis of the enhanced
osteoclastogenesis triggered by Men1 disruption in osteo-
cytes. Given that MDX-1100, an antibody against CXCL10, is
in clinical trial phase II for treatment of arthritic patients,22 this
may prove to be an attractive agent to improve bone quality.
Despite the general role of Men1 in bone integrity, Men1

conditional knockout mice allow the elucidation of the intrinsic
consequences of loss of MEN1 that might occur in patients
suffering from MEN1. The osteopenic phenotype of these
patients may be masked by their PTH oversecretion. Intrigu-
ingly, following parathyroidectomy, bone recovery is worse in
MEN1 patients than in other hyperparathyroidism
conditions.23 Our findings will encourage future analyses on
possible mutations in the osteoblastic lineage of MEN1
patients that will enable the PTH effects and osteocyte cell-
autonomic effects on bone integrity to be distinguished.
In conclusion, we have established a novel regulatory axis

of osteocyte–osteoclast crosstalk regulated by the tumor
suppressor gene Men1. Men1 acts in osteocytes to protect
trabecular bone mass by modulation of osteoclast function. A
Men1-regulated chemokine, CXCL10, was identified as an
osteocyte–osteoclast crosstalk factor. ModulatingMen1-regu-
lated factors in osteocytes might serve as a novel molecular
base to develop therapeutic strategies to treat osteoporosis.

Materials and Methods
Mice. All mice were kept under standardized conditions with water and food ad
libitum in specialized pathogen-free animal facilities at the University of Ulm.
Procedures for performing animal experiments were in accordance with and
approved by the authorities for ethical permission (the Regierungspräsidium in
Tübingen, Germany). Men1Runx2Cre, Men1OsxCre, Men1gtRosaCreERT2, Men1LysMCre,
Men1Dmp1Cre, Men1Dmp1Cre × RosamT/mG, and Runx2Cre × RosamT/mG mice were
generated by intercrossing Men1flox mice13 with Tg(Runx2-icre)1Jtuc mice,14 Tg
(Sp7-tTA,tetO-EGFP/cre)1Amc mice,17 C57BL/6-Gt(ROSA)26Sortm9(Cre/ESR1)Arte

mice (Taconic Artemis, Köln, Germany), Lyz2tm1(cre)Ifo mice,16 Tg(Dmp1-cre)1Jqfe
mice,18 and Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice,15, respectively

Micro computed tomography. Femurs, tibiae, and lumbar vertebrae were
analyzed using a SkyScan 1174 compact micro CT or SkyScan 1176 in vivo
micro CT (Bruker, Billerica, MA, USA) equipped with an X-ray tube working at
50–80 kV/100 μA. Resolution was 6–9 μm, rotation step was set at 0.40° or 1°, and
a 0.5 mm aluminum filter was used. For reconstruction of femurs, the region of
interest was defined 0.3 mm from the distal growth plate into the diaphysis spanning

1.8 mm. Trabecular bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th.), trabecular separation (Tb.Sp.), trabecular number (Tb.N.), cortical
thickness (Cs.Th.), cortical closed porosity, and cortical bone perimeter (B.Pm.)
were determined according to the guidelines issued by the ASBMR Histomorpho-
metry Nomenclature Committee.24,25

Histomorphometry. Static and dynamic histomorphometry was performed on
undecalcified and decalcified lumbar vertebral and femoral sections of mice
receiving dual calcein (Sigma-Aldrich, St. Louis, MO, USA) i.p. injections, as
described previously.25,26 Osteomeasure software was used for analysis
(Osteometrics, Decatur, GA, USA).

Osteoblast differentiation from stromal and calvarial cells. Stro-
mal cells were isolated from inguinal white adipose tissue of Men1gtRosaCreERT2 mice
(6–8 weeks) by digestions for 30 min at 37 °C in isolation buffer containing 100 mM
HEPES (Sigma-Aldrich), 120 mM NaCl (Merck, Darmstadt, Germany), 4.8 mM KCl
(Sigma-Aldrich), 1 mM CaCl2•2H2O (Sigma-Aldrich), 4.5 mM glucose (Merck),
1.5% albumin (Sigma-Aldrich), and 0.2% collagenase II (Roche, Rotkreuz,
Switzerland). The stromal vascular fraction was collected after filtration and
centrifugation and subsequently cultivated as described for calvarial cells below.
Bone marrow stromal cells were isolated from femur and tibia ofMen1gtRosaCreERT2

mice (6–8 weeks). Bone marrows were flushed out and cells were seeded at a density
of 1 × 106 cells per cm2. After 72 h, cells were washed three times with medium
(DMEM containing 20% fetal bovine serum and 1% penicillin/streptomycin) and
subsequently cultivated as described for calvarial cells below.
Primary osteoblasts isolated from calvaria of neonatal Men1gtRosaCreERT2 mice

(postnatal days 3–5) by sequential digestions were cultivated as previously
described.14 The cells were exposed to 1 μM 4-OHT (Sigma-Aldrich) for 3 days
and subsequently subjected to osteogenic induction medium (α-MEM containing 10%
fetal bovine serum and 1% penicillin/streptomycin, supplemented with 100 mg/ml
sodium ascorbate and 5 mM β-glycerophosphate; Sigma-Aldrich) and/or 100 ng/ml
hBMP2 (R&D Systems, Minneapolis, MN, USA). Osteoblast differentiation was
determined by alkaline phosphatase and alizarin red (both from Sigma-Aldrich)
staining at indicated time points.

Osteoclast differentiation. BMCs were isolated from femurs of 2- to
3-month-old mice and 200 000 cells (diameter 45 μm) were seeded per well in
96-well plates. Differentiation of osteoclasts was performed in α-MEM containing
10% fetal bovine serum and 1% penicillin/streptomycin, supplemented with 50 ng/ml
RANKL (PeproTech, Rocky Hill, NJ, USA) and 20 ng/ml M-CSF (R&D Systems) for
5 or 7 days, with the medium changed every 2 or 3 days. TRAP staining was
performed using a TRAP-kit (Sigma-Aldrich) and TRAP-positive cells with more
than three nuclei were counted as osteoclasts. Osteoclast area was quantified using
Osteomeasure software.
For conditioned medium-transfer experiments, conditioned medium from Men1-

deficient primary osteocyte-enriched fractions or control primary osteocyte-enriched
fractions was diluted 1:1 in culture medium.

Osteocyte isolation. Primary osteocyte-enriched fractions from
Men1gtRosaCreERT2 mice were isolated as previously described.27 Osteocytes were
extracted by sequential digestions with collagenase and EDTA (AppliChem,
Darmstadt, Germany). Fractions 3–5 of the sequential digest were considered as
osteoblasts. Fractions 7–9 and cells derived from bone particles were pooled and
considered as osteocytes. After one passage, 8000 cells per well were seeded into
collagen-coated 96-well plates (Greiner Bio-One, Kremsmünster, Austria) and
treated with 1 μM 4-OHT for 3 days.

Co-culture experiments. BMCs were isolated from wild-type mice and
200 000 cells per well were added on top of primary osteocyte-enriched fractions or
primary osteoblasts cultivated in co-culture medium (α-MEM supplemented with
10 nM 1,25-dihydroxyvitamin D3 (Sigma-Aldrich) and 20 ng/ml M-CSF). For pit
assay, bone slices (Immunodiagnostic Systems, Tyne and Wear, UK) were used.
Cells were removed from bone slices with 1 M ammonium hydroxide overnight and
the resorption pits were visualized using 0.5% (w/v in H2O) toluidine blue.
For conditioned medium-transfer experiments, conditioned medium from Men1-

deficient primary osteocyte-enriched fractions or control primary osteocyte-enriched
fractions was diluted 1:1 in co-culture medium.
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For neutralizing antibody experiments, CXCL10-neutralizing antibody (20 ng/ml;
R&D Systems) or IgG was added to co-cultures of wild-type BMCs with Men1-
deficient primary osteocyte-enriched fractions in co-culture medium.
The medium was changed every 3 days. After 9 days, cells were stained for

TRAP activity.

Sorting of GFP+ primary osteocytes fromMen1Dmp1Cre×RosamT/mG

mice. Primary osteocyte-enriched fractions were isolated from heterozygous (Men1
flox/+) or homozygous (Men1 flox/flox) Men1Dmp1Cre; RosamT/mG mice, and GFP+ cells
were sorted using a FACS LSR II and FACSAria II (BD Biosciences, San Jose, CA,
USA). GFP+ cells were used for RNA isolation (see below).

Calvarium ex vivo culture. Ex vivo organ culture from neonatal mouse calvaria
was performed as previously described.28,29 Bone explants from calvaria were obtained
by dissecting parietal bones and frontal bones from 7-day-old Men1flox or Men1Dmp1Cre

mice. Calvaria were cut through the sagittal suture and each half was cultured in one
well of a 24-well plate. Calvarial halves were treated with 1 μM indomethacin (Sigma-
Aldrich) in α-MEM supplemented with fatty acid-free serum albumin (Sigma-Aldrich).
After overnight incubation, calvarial halves were treated with CXCL10-neutralizing
antibody (20 ng/ml) or IgG in α-MEM supplemented with 10 nM 1,25-dihydroxyvitamin
D3 for 5 days. Medium was collected for CTX enzyme-linked immunosorbent assay
(ELISA) and calvarial halves were used for RNA isolation or histology.

CXCL10-neutralizing antibody injection in vivo. Mouse CXCL10-
neutralizing antibody (R&D Systems) or IgG (R&D Systems) was delivered in the
space between the subcutaneous tissue and the periosteum over the sagittal suture of
the skull. Before the injection, all animals were anesthetized. One dose of CXCL10-
neutralizing antibody (100 μg/mouse) or IgG (100 μg/mouse), each in a 100 μl volume,
was injected subcutaneously. Mice were killed 5 days after the injection.

RNA isolation and QRT-PCR. Calvaria from 3-day-old mice were immersed
in RLT buffer (Qiagen, Hilden, Germany) and subsequently homogenized using a
Precellys 24 homogenizer (Peqlab, Erlangen, Germany). After centrifugation for
3 min at 10 000 × g at 4 °C, the supernatant was used for total RNA isolation using
RNeasy kit according to the manufacturer’s instructions (Qiagen).
Primary osteoblasts or primary osteocyte-enriched fractions were lysed and total

RNA was isolated (Qiagen). RNA was reverse-transcribed by a cDNA kit (Applied
Biosystems, Carlsbad, CA, USA) and real-time qPCR was performed as previously
described.30 Primer sequences are available upon request.

Immunoblotting. Primary osteoblasts stimulated with either hBMP2 (100 ng/ml)
or hTGFβ1 (1 ng/ml; PeproTech) following starvation in serum-free medium for 6 h
were lysed in lysis buffer (Cell Signaling Technology, Danvers, MA, USA) containing
proteinase inhibitor (Roche). Vertebra samples (L5) were pulverized using a mortar
and pestle, and suspended in the lysis buffer. Total protein amount was determined by
BCA assay (Pierce, Waltham, MA, USA) and immunoblotting was performed with
antibodies against pSmad1/5/8 (1:1000; #9511s, Cell Signaling Technology),
Smad1/5/8 (1:1000; sc-6031, Santa Cruz Biotechnology, Dallas, TX, USA), pSmad3
(1:1000; #9520, Cell Signaling Technology), Smad3 (1:1000; #9523, Cell Signaling
Technology), menin (1:10 000; A300-105A, Bethyl Laboratories, Montgomery, TX,
USA), and β-actin (1:1000; sc-1616, Santa Cruz Biotechnology). Band intensity was
analyzed using ImageJ software (NIH, Bethesda, MD, USA).

Enzyme-linked immunosorbent assay. Blood was collected into heparin-
coated tubes (Sarstedt, Nümbrecht, Germany) and kept at room temperature for at
least 30 min before centrifugation at 2000 × g at room temperature for 10 min and
isolation of the supernatant. PINP ELISA (Immunodiagnostic Systems) were performed
with serum, and CTX ELISA (Immunodiagnostic Systems) was performed with serum
and conditioned medium, according to the instructions of the manufacturers.

Immunohistochemistry. Paraffin sections (5 μm thickness) of decalcified
femurs were subjected to immunohistochemistry as previously described.13,31

Antigen retrieval was performed with antigen unmasking solution (Vector
Laboratories, Peterborough, UK) at 95 °C for 10 min and immunohistochemistry
was performed with an antibody against menin (1:3000; A300-105A, Bethyl
Laboratories) and a biotinylated secondary antibody (1:200; Vector Laboratories).

Immunofluorescent staining. Cryosections (100 μm thickness) of decalci-
fied femurs were subjected to immunohistochemistry as described elsewhere.32

Osteocalcin antibody (1:1000; LifeSpan BioSciences, Inc., Seattle, WA, USA) and
Alexa Fluor 647 secondary antibody (1:200; Thermo Fisher Scientific, Waltham, MA,
USA) were used. A Leica TCS-SP8 confocal microscope with an inverted stand (DMi8)
and LAS X Software were used for imaging (Leica, Wetzlar, Germany). Images were
taken at 40-fold magnification using a Leica HCX PL FL L 40× /0.60 objective.

Men1 overexpression in MLO-Y4 osteocyte cell line. RIKEN full-
length Mus musculus Men1 cDNA (F630025E01, Source BioScience, Nottingham,
UK) was cloned into a modified lentiviral pLVX-IRES-GFP vector (Clontech
Laboratories, Mountain View, CA, USA). The pLVX-IRES-Men1-GFP vector or
pLVX-IRES-empty-GFP vector was co-transfected with psPax2 vector and pMD2.G
vector into LentiX HEK 293T cells using CalPhos Mammalian Transfection Kit
(Clontech Laboratories). Lentiviruses were collected and the MLO-Y4 osteocyte cell
line was transduced according to the manufacturer’s instructions. At 5 days after
transduction, the GFP-expressing cells were sorted using a BD FACSARIA III (BD
Biosciences) and expanded for further experiments.

Microarray analysis. Total RNAs isolated from primary osteocyte-enriched
fractions (80 ng) were processed and labeled for array hybridization using the Ambion
WT Expression Kit (Life Technologies, Carlsbad, CA, USA) at the Genomics Core
Facility, EMBL Heidelberg, Germany. Labeled, fragmented cDNA (Affymetrix
GeneChip WT Terminal Labeling and Controls Kit, Santa Clara, CA, USA) was
hybridized to Mouse Gene 2.0 arrays for 16 h at 45 °C (Affymetrix GeneChip
Hybridization, Wash, and Stain Kit). Arrays were washed and stained using the
Affymetrix Fluidics Station 450, and scanned using the GeneArray Scanner 3000 7G
(Affymetrix). Data analysis was performed with software Expression Console
(Affymetrix). The estimated probe signals were normalized using the ‘Robust Multi-
array Average’ method, and the expression levels of probe sets were generated in
log2 scale that were then assigned to the annotated gene data (41 346 gene data
sets). Probe sets with high expression levels (450% of the total probe signals) were
selected (19 854 gene data sets). These were submitted to DAVID Bioinformatics
Resources (NIH) and annotated secreted factors were identified (775 gene data sets).
Fold change values were defined as 2expression levels (KO-WT). Probe sets with fold
change values of 41.4 (30 gene data sets) or o0.7 (81 gene data sets) were
selected as possible candidate genes for further validation.

Statistical analysis. Data are presented as mean± standard errors (S.E.M.).
Statistical evaluations of two group comparisons were performed using Student’s
t-test. Statistical evaluations of experiments with more than two groups were
performed using one-way analysis of variance (ANOVA).
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