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HES1 (hairy and enhancer of split) is a transcription factor
that regulates osteoblastogenesis in vitro. The skeletal effects
of HES1 misexpression were studied. Transgenic mice where a
3.6-kilobase fragment of the collagen type 1 �1 promoter di-
rects HES1 overexpression were created. Transgenics were
osteopenic due to decreased osteoblast function in female and
increased bone resorption in male mice. HES1 impaired osteo-
blastogenesis in vitro, and transgenic osteoblasts enhanced the
resorptive activity of co-cultured osteoclast precursors. Mice
homozygous for aHes1 loxP-targeted allele were bred to trans-
genics, where the paired-related homeobox gene enhancer or
the osteocalcin promoter direct Cre recombinase expression to
inactivateHes1 in the limb bud or in osteoblasts. To avoid ge-
netic compensation,Hes1 was inactivated in the context of the
global deletion ofHes3 andHes5.Hes3 andHes5 null mice had
no skeletal phenotype.Hes1 inactivation in the limb bud in-
creased femoral length and trabecular number.Hes1 inactiva-
tion in osteoblasts increased trabecular bone volume, number,
and connectivity due to increased mineral apposition rate and
suppressed bone resorption.Hes1 inactivation in vitro in-
creased alkaline phosphatase expression and suppressed the
resorptive activity of co-cultured osteoclast precursors. In con-
clusion, by inhibiting osteoblast function and inducing bone
resorption, HES1 is an intracellular determinant of bone mass
and structure.

HES is a family of evolutionary conserved basic helix-loop-
helix transcription factors that comprises seven members,
termed HES1 through HES7 (1–4). HES proteins are homo-
logues of Drosophila Hes and were first identified as targets of
canonical Notch signaling. Notch signaling is activated fol-
lowing cell to cell contact interactions and is critical for devel-
opmental processes and the regulation of tissue renewal and
maintenance (5–9). HES proteins generally act as repressors
of transcription (3). HES1, -3, and -5 have partially overlap-
ping functions, are involved in binary cell fate decisions, and
maintain precursor multipotent cells in an undifferentiated
state in several tissues during development and adult life (3,
10–13). HES1 is necessary for neural development, and its

global inactivation results in early embryonic or perinatal le-
thality (14).
Bone remodeling is a process carried out in discrete multi-

cellular units, where osteoclasts resorb bone and osteoblasts
form new bone in a coordinated fashion to renew skeletal tis-
sue (15). Osteoblasts are derived from multipotent bone mar-
row mesenchymal stem cells, whereas osteoclasts are derived
from multipotent hematopoietic cells (16). Bone marrow mes-
enchymal stem cells can differentiate toward the osteoblastic,
chondrocytic, and adipocytic lineages (17). The fate of mesen-
chymal cells and their differentiation into osteoblasts is con-
trolled by a signaling network that includes bone morphoge-
netic proteins, Wnt and Notch (18–23). Notch signaling
inhibits osteoblast differentiation and causes osteopenia in
vivo, but even though HES1 is a target of Notch, it does not
recapitulate all of the effects of Notch (24). HES1 participates
in cell fate determination of mesenchymal multipotent cells
and blocks the initial differentiation of preadipocytes, al-
though it is necessary for their terminal differentiation (25,
26). HES1 suppresses the expression of osteocalcin and in-
duces the transcription of osteopontin (27, 28). In addition,
HES1 interacts with RUNX2 (runt-related transcription factor
2) prolonging its half-life, and, as a consequence, enhances the
differentiation of murine osteoblastic cells (28–31). However,
the function of HES1 in skeletal tissue has not been
established.
Osteoclasts are multinucleated cells that form through the

aggregation of bone marrow mononuclear cell precursors.
Osteoclast formation requires RANKL (receptor activator of
NF-�B ligand), a membrane-bound ligand of RANK, and its
activity is opposed by the soluble decoy receptor osteoprote-
gerin (32, 33). RANKL and osteoprotegerin are expressed by
bone marrow stromal cells and osteoblasts, and their ratio
regulates osteoclastogenesis. Notch signaling inhibits the mat-
uration of bone marrow osteoclast precursors by inducing the
expression of osteoprotegerin (21, 34, 35). However, the role
of HES1 in osteoclastogenesis is not known.
The intent of this study was to define the function of HES1

on skeletal development and postnatal bone remodeling. For
this purpose, transgenic mice overexpressing HES1 under the
control of a 3.6-kb rat collagen type 1 �1 (Col1a1) promoter
fragment were created. In addition, a conditional deletion
approach to ablate Hes1 in the skeleton and avoid the lethality
of the global Hes1 inactivation was employed (14). Mice,
where Hes1 sequence coding exons were flanked by loxP se-
quences (Hes1loxP/loxP), were bred to transgenics expressing
the Cre recombinase under the control of the paired-related

* This work was supported, in whole or in part, by National Institutes of
Health Grant DK045227 from the NIDDK.

1 To whom correspondence should be addressed: Dept. of Research, Saint
Francis Hospital and Medical Center, 114 Woodland St., Hartford, CT
06105-1299. Tel.: 860-714-5250; Fax: 860-714-8053; E-mail: szanotti@
stfranciscare.org.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 4, pp. 2648 –2657, January 28, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

2648 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 4 • JANUARY 28, 2011



homeobox 1 (Prx1) enhancer (Prx1-Cre) or the osteocalcin
promoter (Oc-Cre), to inactivate Hes1 in the limb bud or in
mature osteoblasts, respectively. Hes1 conditional null mice
were created in a Hes3 and Hes5 null background (Hes3�/�

Hes5�/�), to avoid a possible phenotypic compensation fol-
lowing the inactivation of Hes1. The skeletal phenotype of
mice misexpressing HES1 was studied by histomorphometric
and structural analysis of the femur. To understand the mech-
anisms of HES1 action in bone, the differentiation and func-
tion of skeletal cells misexpressing HES1 were examined in
vitro.

EXPERIMENTAL PROCEDURES

Hes1 Transgenic Mice—After introduction of a Kozak con-
sensus sequence upstream of the translation initiation codon,
a 1.5-kb cDNA fragment coding for murine HES1 was cloned
downstream of the 3.6-kb fragment of the rat Col1a1 pro-
moter and upstream of the bovine growth hormone poly-
adenylation signal (36). Microinjection of linearized DNA into
pronuclei of fertilized oocytes from Friend leukemia virus
strain B (FVB) inbred mice (Charles River Laboratories,
Wilmington, MA), and transfer of microinjected embryos into
pseudopregnant mice were carried out at the Gene Targeting
and Transgenic Facility of the University of Connecticut
Health Center (Farmington, CT). Positive founders were
identified by Southern blot analysis of tail DNA and bred to
wild type FVB mice to create transgenic lines (37). Heterozy-
gous transgenic mice were mated to wild type FVB mice to
generate heterozygous HES1 transgenic mice and wild type
littermate controls for the experiments described. Presence of
the Hes1 transgene was documented by PCR in tail DNA (Ta-
ble 4).
Hes1 Conditional Null Mice—Mice where the Hes1 se-

quence comprised between exons 2 and 4 was flanked by loxP
sequences and deletion mutant mice for Hes3 and Hes5, cre-
ated in a CD1 genetic background, were obtained from R.
Kageyama (Kyoto University, Kyoto, Japan) (38–40).
Hes1loxP/loxP mice were bred to Hes3�/�;Hes5�/� to create
Hes1loxP/loxP;Hes3�/�;Hes5�/� mice. To study the conse-
quences of the inactivation of Hes1 during early limb develop-
ment, Prx1-Cremice created in a C57BL/6 genetic back-
ground, were obtained from The Jackson Laboratory (Bar
Harbor, ME) (41). To study the inactivation of Hes1 in mature
osteoblasts, transgenic mice expressing the Cre recombinase
under the control of a 3.9 kb human osteocalcin promoter,
created in an FVB genetic background, were obtained from T.
Clemens (Baltimore, MD) (42). Transgenics expressing Cre
were bred to Hes1loxP/loxP;Hes3�/�;Hes5�/� mice to create
heterozygous Prx1-Cre/�;Hes1loxP/�;Hes3�/�;Hes5�/� or
Oc-Cre/�;Hes1loxP/�;Hes3�/�;Hes5�/� mice. These were
mated with Hes1loxP/loxP;Hes3�/�;Hes5�/� to create Prx1-
Cre/�;Hes1loxP/loxP;Hes3�/�;Hes5�/� and Oc-Cre/�;
Hes1loxP/loxP;Hes3�/�;Hes5�/�. These mice were mated with
Hes1loxP/loxP;Hes3�/�;Hes5�/� to generate an experimental
cohort, in which Cre excises the loxP-flanked sequences from
the Hes1loxP allele (Hes1�/�;Hes3�/�;Hes5�/�) and a control
littermate group (Hes1loxP/loxP;Hes3�/�;Hes5�/�). Male and
female conditional null mice were compared with littermate

controls of the same sex at 15 and 18 days post coitum, at
birth, and at 1, 3, and 6 months of age, and their skeletal phe-
notype was analyzed. To ensure the validity of Hes1loxP/loxP;
Hes3�/�;Hes5�/� mice as controls, the skeletal phenotype of
Hes3�/�;Hes5�/� mice was compared with that of wild type
littermates, and the phenotype of Hes1loxP/loxP;Hes3�/�;
Hes5�/� mice was compared with that of Hes3�/�;Hes5�/�

littermates at 1 month of age. Detection of Hes1loxP, Hes3�,
and Hes5� alleles was carried out by PCR in tail DNA extracts
in newborns and adult mice (Table 1). Excision of loxP-
flanked sequences by Cre recombinase was documented by
PCR in DNA extracted from calvariae of 1-, 3-, and 6-month-
old mice, using specific primers (Table 1). All animal experi-
ments were approved by the Animal Care and Use Committee
of Saint Francis Hospital and Medical Center.
X-ray Analysis, BMD, and Femoral Length—X-Rays were

performed on eviscerated mice at an intensity of 30 kW for
20 s on a Faxitron X-Ray system (model MX 20, Faxitron X-
Ray Corp., Wheeling, IL). Total bone mineral density (BMD2;
g cm�2) was measured on anesthetized mice using the
PIXImus small animal DEXA system (GE Medical System/
LUNAR, Madison, WI) (43). Femoral images were used to
determine femoral length (mm). Calibrations were performed
with a phantom of defined value, and quality assurance mea-
surements were performed before each use. The coefficient of
variation for total BMD is �1%.
Bone Histomorphometric Analysis—Static and dynamic his-

tomorphometry of femurs was carried out after injection with
20 mg/kg calcein and 50 mg/kg demeclocycline, at an interval
of 2 days for 1-month-old mice and 7 days for 3- and

2 The abbreviations used are: BMD, bone mineral density; Col1a1, collagen
type 1 �1; FVB, Friend leukemia virus strain B; Prx, paired-related ho-
meobox gene; Rpl38, ribosomal protein L38.

TABLE 1
Primers used for genotyping by PCR and for mRNA level
determination by real-time RT-PCR
[FAM] indicates the position of the guanine labeled with the fluorophore.
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6-month-old mice. Animals were sacrificed by CO2 inhalation
2 days after the demeclocycline injection. Femoral longitudi-
nal sections, 5-�m thick, were cut on a microtome (Microm,
Richards-Allan Scientific, Kalamazoo, MI) and stained with
0.1% toluidine blue or von Kossa. Static parameters of bone
formation and resorption were measured in a defined area
between 360 and 2160 �m from the growth plate, using an
OsteoMeasure morphometry system (Osteometrics, Atlanta,
GA) (44). For dynamic histomorphometry, mineralizing sur-
face per bone surface and mineral apposition rate were mea-
sured on unstained sections under ultraviolet light, using a
triple diamino-2-phenylindole fluorescein set long pass filter,
and bone formation rate was calculated. The terminology and
units used are those recommended by the Histomorphometry
Nomenclature Committee of the American Society for Bone
and Mineral Research (45).
Microcomputed Tomography—Femurs were scanned using

a Microcomputed Tomographic Instrument (�CT 40, Scanco
Medical AG, Bassersdorf, Switzerland), calibrated weekly us-
ing a phantom provided by the manufacturer. Femurs were
scanned in 70% ethanol at an energy level of 55 peak kilo volt-
age, intensity of 145 �A, and integration time of 200 ms. Tra-
becular bone volume and microarchitecture were evaluated
starting �1.2 mm proximal to the femoral condyles. A total of
160 consecutive slices acquired at an isotropic voxel size of 6
�m3 and a slice thickness of 6 �m, were chosen for analysis.
Contours were manually drawn every 10 slices a few voxels
away from the endocortical boundary to define the region of
interest for analysis. The contours of the remaining slices
were iterated automatically. Trabecular regions were assessed
for bone volume fraction, trabecular thickness, number and
separation, connectivity density, and structural model index,
using a Gaussian filter (� � 0.8, support � 1) and a user-de-
fined threshold (46). A total of 100 slices for the cortical re-
gion were measured at the mid-diaphysis of each femur with
an isotropic voxel size of 6 �m3 and a slice thickness of 6 �m.
For mid-diaphysis analysis, contours were iterated across the
100 slices along the cortical shell, excluding the bone marrow
cavity. Analysis for cortical thickness was performed using a
Gaussian filter (� � 0.8, support � 1) and a user-defined
threshold (46).
Osteoblastic Cell Cultures—Primary osteoblasts were iso-

lated from parietal bones of 3- to 5-day-old mice by sequential
collagenase digestion, as described (47). Cells were cultured in
DMEM (Invitrogen) supplemented with nonessential amino
acids, 20 mM HEPES, 100 �g/ml ascorbic acid, and 10% FBS
(Atlanta Biologicals, Norcross, GA) at 37 °C in a humidified
5% CO2 incubator. Primary bone marrow stromal cells were
recovered by centrifugation of femurs that were aseptically
removed from 4-week-old HES1 transgenic and littermate
control mice, as described (44). Cells were cultured in �-mini-
mum essential medium (Invitrogen) containing 15% FBS at
37 °C in a humidified 5% CO2 incubator.
Osteoblast-Splenocyte Co-cultures and Pit Formation Assay—

Primary osteoblasts were seeded on BioCoat discs (BD Bio-
sciences), and after reaching confluence, cultured in the
presence of 100 �g/ml ascorbic acid and 5 mM �-glycerophos-
phate. Primary splenocytes were harvested from spleens asep-

tically removed from 5- to 8-week-old wild type FVB mice,
and 1 � 106 cells/cm2 were seeded on the layer of primary
osteoblasts in the presence of 10 nM 1,25-dihydroxyvitamin
D3 (BIOMOL Intl., Plymouth Meeting, PA) or PBS, as control
(48–50). Splenocytes and primary osteoblasts were cultured
for 7 days; the cells were removed with bleach for 5 min, and
BioCoat discs were stained with von Kossa. Discs were photo-
graphed on a white light background, and the digital image
was analyzed with Adobe Photoshop (Adobe Systems, Inc.,
San Jose, CA). Brightness and contrast were maximized, the
file was inverted to yield the negative image, and the area of
resorption was calculated as the percent of pixels contained in
half of the grayscale, determined by using the histogram func-
tion of Adobe Photoshop.
Real-time RT-PCR—Total RNA was extracted from cul-

tures of primary osteoblastic cells, and mRNA levels were de-
termined by real-time RT-PCR (51, 52). For this purpose, 1–3
�g of total RNA were reverse-transcribed using the Super-
Script III Platinum Two-step Quantitative RT-PCR kit (In-
vitrogen), according to the manufacturer’s instructions and
amplified in the presence of specific primers (Table 1) and
Platinum Quantitative PCR SuperMix-UDG (Invitrogen) at
60 °C for 30 cycles. The copy number was estimated by com-
parison with a standard curve constructed using alkaline
phosphatase and HES1 (both from ATCC, Manassas, VA) and
osteocalcin (from J. B. Lian, University of Massachusetts,
Worcester, MA) cDNAs and corrected for ribosomal protein
L38 (Rpl38; ATCC) expression (53–55). Reactions were con-
ducted in a 96-well spectrofluorometric thermal iCycler (Bio-
Rad), and fluorescence was monitored during every PCR cycle
at the annealing step. Data are expressed as the copy number
corrected for Rpl38.
Statistical Analysis—Data are expressed as means � S.E.

Statistical differences were determined by analysis of variance
or Student’s t test.

RESULTS

HES1 Overexpression Causes Osteopenia—Two transgenic
lines overexpressing HES1 under the control of the 3.6-kb rat
Col1a1 promoter were established. Transgenic mice from
both lines were osteopenic, and one line was studied in detail.
Following heterozygous intermatings, only heterozygous
transgenics were born, suggesting intrauterine lethality of
homozygous transgenics. Therefore, heterozygous HES1
transgenic mice were used for subsequent analysis. These
mice developed normally but did not live beyond 3 months of
age; consequently, the analysis of their skeletal phenotype was
performed in 1- and 3-month-old animals.
At 1 month of age, HES1 transgenics appeared normal, and

no skeletal abnormalities were detected by contact radiogra-
phy. Similarly, bone histomorphometric and microarchitec-
tural analysis of 1-month-old transgenics did not reveal differ-
ences from littermate controls. HES1 transgenic mice at 3
months of age did not exhibit skeletal abnormalities by con-
tact radiography and had normal BMD. However, transgenics
of both sexes had significantly lower weight, and female trans-
genics displayed shortened femoral length (Fig. 1A). Bone
histomorphometric analysis revealed a 20–25% decrease in
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trabecular bone volume, secondary to a reduced number of
trabeculae, demonstrating that HES1 overexpression causes
osteopenia (Table 2 and Fig. 1B). Although transgenics from
both sexes were osteopenic, the mechanisms responsible ap-
peared to be different. In male transgenics, there was a mod-
est increase in the number of osteoclasts, leading to an in-
crease in eroded surface, whereas in female transgenics, there
was a decrease in osteoblast number associated with reduced
osteoid surface. Bone formation and mineral apposition rate
were not affected in either sex (Table 2 and Fig. 1C). Micro-
computed tomography confirmed the decrease in trabecular
bone volume, number, and increased separation observed by
bone histomorphometry and revealed decreased connectivity
density in HES1 transgenics of both sexes. Measurement of
the structural model index revealed a higher ratio of rod-
shaped versus plate-like trabeculae in HES1 transgenics.
There were no differences in cortical bone thickness between
transgenics and controls (Table 2 and Fig. 1D). These results
indicate that overexpression of HES1 directed by a 3.6-kb
Col1a1 promoter fragment has a negative effect on trabecular
microarchitecture without affecting cortical bone.

HES1 Overexpression Impairs Osteoblastogenesis and In-
duces Osteoclastogenesis in Vitro—To understand the mecha-
nisms responsible for the effects of HES1 overexpression, cal-
varial osteoblasts and bone marrow stromal cells were
harvested from HES1 transgenics and from wild type litter-
mate controls of both sexes. HES1 transcripts were increased
in primary osteoblastic cells from HES1 transgenics through-
out the culture period, and calvarial osteoblasts expressed
decreased levels of alkaline phosphatase and osteocalcin
mRNA after 7 days of culture (Fig. 2A). In accordance with
the results obtained in osteoblasts, alkaline phosphatase and
osteocalcin mRNA levels were suppressed in transgenic bone
marrow stromal cells after 7 days of culture (Fig. 2B). These
findings confirm that HES1 overexpression impairs osteoblast
differentiation and could explain the decreased number of
osteoblasts observed in female HES1 transgenics.
To ascertain whether the overexpression of HES1 in osteo-

blasts increased osteoclast differentiation or function, calvar-
ial osteoblasts from HES1 transgenics or wild type littermate
controls of both sexes were co-cultured with splenocytes
from wild type FVB mice, as a source of mononuclear oste-

FIGURE 1. Skeletal phenotype of 3-month-old male (left) and female (right) heterozygous HES1 transgenic mice (black bars) and wild type litter-
mate controls (white bars). In A, the weight (g), femoral length (mm), and total BMD (g cm�2) are shown. Values are means � S.E., n � 6 – 8. *, Significantly
different from control mice, p � 0.05. Shown in B and C are von Kossa staining (B; final magnification, 40�) and calcein/demeclocycline labeling (C; final
magnification, 100�) of representative femoral sections. D, microcomputed tomography of representative femurs.
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oclast precursors. Osteoclast activity was determined by
the pit formation assay in a BD BioCoat cell culture system.
Treatment with 1,25-dihydroxyvitamin D3 enhanced the
resorptive activity of wild type splenocytes (48). In accord-
ance with the increased number of osteoclasts and eroded
surface observed in male HES1 transgenics, osteoblasts
from HES1 transgenics enhanced resorption in comparison
to control osteoblasts. The effect was present whether the
cultures were treated or not with 1,25-dihydroxyvitamin
D3 (Fig. 2C). These results indicate that HES1 overexpres-
sion in osteoblasts increases bone resorption and offer an
explanation for the resorptive phenotype observed in male
HES1 transgenics.
Controls for the Hes1 Conditional Null Mouse Model—The

conditional inactivation of Hes1 was studied in the context of
the global ablation of Hes3 and Hes5 to prevent possible com-
pensatory effects from HES3 and HES5 because they are ex-
pressed by osteoblasts, and their function partially overlaps
with that of HES1 (3, 10, 12). One-month-old Hes3�/�;
Hes5�/� mice appeared normal and bone histomorphometry
did not reveal differences between Hes3�/�;Hes5�/� mice
and wild type sex-matched littermates. To assess whether the
presence of loxP sequences caused a skeletal phenotype,
1-month-old Hes1loxP/loxP;Hes3�/�;Hes5�/� mice were com-
pared with Hes3�/�;Hes5�/� sex-matched littermates. Ab-
sence of spontaneous recombination of the Hes1loxP allele was
documented by PCR in calvarial extracts, and Hes1loxP/loxP;
Hes3�/�;Hes5�/� mice were not different from Hes3�/�;
Hes5�/� mice when assessed by bone histomorphometry.
These results indicate that Hes1loxP/loxP;Hes3�/�;Hes5�/�

mice are valid controls for Hes1�/�;Hes3�/�;Hes5�/� experi-
mental mice.
Inactivation of Hes1 in Limb Bud Mesenchyme Increases

Bone Volume—To induce the conditional deletion of Hes1 in
the limb bud starting at day 10.5 of embryonic life, Prx1-

Cre/�;Hes1loxP/loxP;Hes3�/�;Hes5�/� mice were mated with
Hes1loxP/loxP;Hes3�/�;Hes5�/� mice to create Prx1-Cre/�;
Hes1�/�;Hes3�/�;Hes5�/� conditional null and Hes1loxP/loxP;
Hes3�/�;Hes5�/� littermate controls (41). The skeletal phe-
notype was investigated in 15- and 18-day-old embryos,
newborns, and 1-month-old mice. Skeletal staining of em-
bryos and newborn mice with alcian blue and alizarin red did
not reveal obvious differences between Hes1 conditional null
mice and controls in cartilage and mineralized tissue (data not
shown).
Recombination of Hes1loxP was documented in calvarial

DNA extracts from 1-month-old Prx1-Cre/�;Hes1�/�;
Hes3�/�;Hes5�/� mice (Fig. 3A). One-month-old conditional
null mice appeared normal and contact radiography did not
reveal differences when compared with littermate controls
(data not shown). Hes1 conditional null male mice exhibited
increased femoral length and total BMD, indicating that Hes1
inhibits longitudinal bone growth (Fig. 3B). Bone histomor-
phometric analysis of 1-month-old male Hes1 conditional null
mice revealed a 70% increase in trabecular bone volume that
was secondary to an increased number of trabeculae (Table 3
and Fig. 3C). The osteoblast and osteoclast numbers were not
changed, and no differences were observed in parameters of
osteoblast or osteoclast function, suggesting that Hes1 inacti-
vation in the limb bud does not affect postnatal bone remod-
eling (Table 3 and Fig. 3D). The results from histomorpho-
metric analysis were confirmed by microcomputed
tomography. Prx1-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� male
mice exhibited a tendency toward increased bone volume
fraction (p � 0.065) and a significant increase in connectiv-
ity density and trabecular number coupled to a decrease in
trabecular separation, whereas cortical thickness was not
affected (Table 3 and Fig. 3E). The phenotype was re-
stricted to male mice, and Hes1�/�;Hes3�/�;Hes5�/� fe-

TABLE 2
Femoral histomorphometry and bone microarchitecture of 3-month-old male and female HES1 transgenic mice and wild type controls
Femoral histomorphometry and microcomputed tomography were performed on femurs from 3-month-old male and female heterozygous HES1 transgenic mice and
littermate wild type controls. Values are means � S.E.; n � 3–8.

Males Females
Wild type HES1 Wild type HES1

Histomorphometry
Bone volume/tissue volume (%) 7.1 � 0.4 5.5 � 0.6a 7.9 � 0.6 5.8 � 0.4a
Trabecular separation (�m) 268 � 6 362 � 41a 254 � 14 337 � 16a
Trabecular no. (mm�1) 3.5 � 0.1 2.8 � 0.3a 3.7 � 0.2 2.8 � 0.1a
Trabecular thickness (�m) 20.3 � 0.9 19.7 � 0.4 21.4 � 0.9 20.2 � 0.7
Osteoblast surface/bone surface (%) 11.0 � 0.8 13.6 � 1.7 13.7 � 1.0 8.9 � 1.3a
No. of osteoblasts/bone perimeter (mm�1) 12.5 � 0.9 15.7 � 2.0 14.8 � 1.0 10.5 � 1.2a
Osteoid surface/bone surface (%) 0.8 � 0.3 0.7 � 0.3 1.7 � 0.3 0.5 � 0.2a
Osteoclast surface/bone surface (%) 10.4 � 0.3 11.6 � 0.3a 13.3 � 0.5 13.6 � 0.6
No. of osteoclasts/bone perimeter (mm�1) 5.3 � 0.1 6.0 � 0.2a 6.9 � 0.3 6.9 � 0.3
Eroded surface/bone surface (%) 18.5 � 0.6 20.8 � 0.9a 23.9 � 0.9 23.5 � 1.2
Mineral apposition rate (�m day�1) 0.63 � 0.03 0.61 � 0.03 0.82 � 0.04 0.85 � 0.06
Mineralizing surface/bone surface (%) 11.2 � 0.8 12.8 � 1.0 8.9 � 1.0 9.0 � 1.3
Bone formation rate (�m2 �m�3 day�1) 0.071 � 0.006 0.077 � 0.005 0.073 � 0.008 0.077 � 0.013

Microcomputed tomography
Bone volume fraction (%) 11.8 � 0.7 7.6 � 0.6a 13.9 � 1.0 10.4 � 0.8a
Trabecular separation (�m) 199 � 3 242 � 8a 215 � 5 241 � 8a
Trabecular no. (mm�1) 4.9 � 0.1 4.1 � 0.1a 4.7 � 0.1 4.2 � 0.1a
Trabecular thickness (�m) 37 � 1 37 � 1 42 � 1 41 � 1
Connectivity density (mm�3) 280 � 16 138 � 17a 267 � 15 181 � 17a
Structure model Index 2.0 � 0.1 2.4 � 0.1a 1.6 � 0.1 2.0 � 0.1a
Cortical thickness (�m) 179 � 2 186 � 4 199 � 3 200 � 2

a Significantly different from wild type controls, p � 0.05.
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male mice were not different from sex-matched littermate
controls.
Hes1 Inactivation in Mature Osteoblasts Increases Bone

Volume—For the conditional deletion of Hes1 in mature os-
teoblasts, Oc-Cre/�;Hes1loxP/loxP;Hes3�/�;Hes5�/� mice were
crossed with Hes1loxP/loxP;Hes3�/�;Hes5�/� mice to create
Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� conditional null and
Hes1loxP/loxP;Hes3�/�;Hes5�/� littermate controls. Recombi-
nation of Hes1loxP was documented by PCR analysis in calvar-
ial DNA extracts from Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/�

mice (Fig. 4A). Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� mice
appeared normal, contact radiography did not reveal skeletal
abnormalities (data not shown), and there were no changes in
weight, BMD, or femoral length when compared with litter-
mate controls (Fig. 4B).

The deletion of Hes1 in mature osteoblasts caused an in-
crease in trabecular bone volume in male mice, due to an in-
crease in trabecular number that was observed from 1 to 6
months of age (Table 4 and Fig. 4C). In accordance with the

FIGURE 2. Effects of HES1 overexpression on osteoblastic function in
vitro. In A and B, calvarial osteoblasts (A) and bone marrow stromal cells (B)
were harvested from HES1 transgenics (black bars) and wild type littermate
controls (white bars). Total RNA was extracted at confluence and after 7
days of culture in conditions favoring osteoblastogenesis; mRNA was
reverse-transcribed and amplified by real time RT-PCR in the presence of
specific primers. Data are expressed as Hes1, alkaline phosphatase (Ap),
and osteocalcin copy number, determined by real time RT-PCR, cor-
rected for Rpl38 expression. Values are means � S.E., n � 4. In C, calvar-
ial osteoblasts harvested from HES1 transgenics (HES1) and wild type
littermate controls (WT) were co-cultured with splenocytes harvested
from wild type mice, in the presence of 10 nM 1,25-dihydroxyvitamin D3
(Vit.D; black bars) or control vehicle (white bars). Data are expressed as %
of resorbed area. Values are means � S.E., n � 4 – 6. *, significantly dif-
ferent from wild type cells, p � 0.05. � significantly different from cells
treated with vehicle, p � 0.05.

FIGURE 3. Skeletal phenotype of 1-month-old male Prx1-Cre/�;Hes1�/�;
Hes3�/�;Hes5�/� conditional null mice (Hes1/3/5 null) and Hes1loxP/loxP;
Hes3�/�;Hes5�/� littermate controls (Control) of the same sex. In A, a
representative PCR demonstrates the recombination of the Hes1loxP allele in
calvarial DNA extracts. In B, the weight (g), femoral length (mm), and total
BMD (g cm�2) of Prx1-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� mice (black bars) and
controls (white bars) are shown. Values are means � S.E., n � 5– 6. *, signifi-
cantly different from control mice, p � 0.05. C and D, von Kossa staining (C;
final magnification, 40�) and calcein/demeclocycline labeling (D; final mag-
nification, 100�) of representative femoral sections. Shown in E are micro-
computed tomography of representative femurs.
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results obtained from the conditional deletion of Hes1 in the
limb bud, female mice did not exhibit a skeletal phenotype
(data not shown). Osteoblast number was not changed and
Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� male mice displayed a
transient increase in mineral apposition rate at 1 month of
age, followed by a transient decrease at 3 months of age (Ta-
ble 4 and Fig. 4D). In accordance with the results observed in
HES1 male transgenics, the number of osteoclasts was de-
creased in Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� mice at 1
month of age. This indicates that the deletion of Hes1 in os-
teoblasts affects osteoclast number and possibly function, be-
cause there was a tendency toward decreased eroded surface
(Table 4). Confirming the histomorphometric findings, mi-
crocomputed tomography revealed increased trabecular bone
volume, number, and connectivity density in Oc-Cre/�;
Hes1�/�;Hes3�/�;Hes5�/� mice. The structural model index
was closer to zero, demonstrating a preponderance of plate-
like trabecular structures (Table 4; Fig. 4E). Oc-Cre/�;
Hes1�/�;Hes3�/�;Hes5�/� mice exhibited a modest decrease
in cortical thickness at 6 months of age (Table 4 and Fig. 4E).
These results indicate that inactivation of Hes1 affects the
cortical bone compartment by inducing an age-related loss in
cortical thickness.

FIGURE 4. Skeletal phenotype of 1 month (left), 3 month (middle) and 6 month (right) old male Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/�conditional null
mice (Hes1/3/5 null) and Hes1loxP/loxP;Hes3�/�;Hes5�/� littermate controls (Control) of the same sex. A, representative PCR demonstrates the recombi-
nation of the Hes1loxP allele in calvarial DNA extracts. B, the weight (g), femoral length (mm), and total BMD (g cm�2) of Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/�

mice (black bars) and controls (white bars). C and D, von Kossa staining (C; final magnification, 40�) and calcein/demeclocycline labeling (D; final magnifica-
tion, 100�) of representative femoral sections. E, microcomputed tomography of representative femurs.

TABLE 3
Femoral histomorphometry and bone microarchitecture of 1-month-
old Prx1-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� (Hes1/3/5 null) male mice
and Hes1loxP/loxP;Hes3�/�;Hes5�/� controls
Femoral histomorphometry andmicrocomputed tomography were performed on
femurs from 1-month-old Prx1-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� male mice and
Hes1loxP/loxP;Hes3�/�;Hes5�/� male littermate controls. Values are means � S.E.;
n � 4–6.

Males Control Hes1/3/5 null

Histomorphometry
Bone volume/tissue volume (%) 11.0 � 1.3 18.8 � 2.5a
Trabecular separation (�m) 199 � 19 132 � 25
Trabecular no. (mm�1) 4.6 � 0.4 6.6 � 0.7a
Trabecular thickness (�m) 23.5 � 1.0 27.3 � 1.5
Osteoblast surface/bone surface (%) 27.7 � 1.9 30.8 � 2.3
No. of osteoblasts/bone perimeter (mm�1) 27.1 � 1.3 30.8 � 2.6
Osteoid surface/bone surface (%) 4.6 � 0.7 3.5 � 0.6
Osteoclast surface/bone surface (%) 9.4 � 1.1 9.6 � 0.6
No. of osteoclasts/bone perimeter (mm�1) 4.5 � 0.6 4.4 � 0.3
Eroded surface/bone surface (%) 20.3 � 2.6 20.4 � 1.2
Mineral apposition rate (�m day�1) 3.00 � 0.23 2.67 � 0.36
Mineralizing surface/bone surface (%) 1.2 � 0.3 1.2 � 0.3
Bone formation rate (�m2 �m�3 day�1) 0.038 � 0.011 0.030 � 0.001

Microcomputed tomography
Bone volume fraction (%) 9.7 � 1.7 17.0 � 2.5
Trabecular separation (�m) 286 � 12 179 � 26a
Trabecular no. (mm�1) 3.6 � 0.2 5.8 � 0.7a
Trabecular thickness (�m) 40 � 1 39 � 1
Connectivity density (mm�3) 148.6 � 34.5 355.4 � 65.5a
Structure model index 2.09 � 0.17 1.81 � 0.14
Cortical thickness (�m) 107 � 5 97 � 6

a Significantly different from controls, p � 0.05.
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Hes1 Regulates Osteoblastogenesis and Osteoclastogenesis in
Vitro—To study the mechanisms responsible for the conse-
quences of Hes1 inactivation, the differentiation of calvarial
osteoblasts from Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� condi-
tional null or Hes1loxP/loxP;Hes3�/�;Hes5�/� littermate con-
trols of both sexes was analyzed. Hes1mRNA levels were de-
creased in confluent cultures and in cells maintained in
differentiation medium for 7 days, and alkaline phosphatase
transcripts levels were induced upon down-regulation of Hes1
in confluent cultures (Fig. 5A). However, osteocalcin tran-
scripts (Fig. 5A) and levels of alkaline phosphatase activity and
mineralization of the culture were not increased (data not
shown).
To determine whether inactivation of Hes1 in osteoblasts

impaired osteoclast formation and function, calvarial osteo-
blasts from Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� conditional
null or Hes1loxP/loxP;Hes3�/�;Hes5�/� littermate controls of

both sexes were co-cultured with splenocytes from wild type
FVB mice. Under basal conditions, resorption was not differ-
ent between experimental and control cultures. Treatment
with 1,25-dihydroxyvitamin D3 enhanced resorption in con-
trol cultures, and this effect was blunted in co-cultures of
Hes1 conditional null osteoblasts (Fig. 5B). This is in agree-
ment with the suppressed number of osteoclasts and eroded
surface observed in male Hes1 conditional null mice.

DISCUSSION

In the present study, we demonstrate that Hes1modulates
bone remodeling, as perturbing its expression in osteoblastic
cells results in significant alterations in cancellous bone vol-
ume and microarchitecture. Transgenic mice overexpressing
HES1 under the control of the 3.6-kb Col1a1 promoter dis-
play impaired growth and shortened life span. This could be
due to excessive dosage of HES1 in extraskeletal tissues, be-

FIGURE 5. Consequences of Hes1 inactivation on osteoblastic function in vitro. In panel A, Calvarial osteoblasts were harvested from Oc-Cre/�;Hes1�/�;
Hes3�/�;Hes5�/� conditional null mice (black bars) and Hes1loxP/loxP;Hes3�/�;Hes5�/� littermate controls (white bars). Total RNA was extracted at confluence
and after 7 days of culture in conditions favoring osteoblastogenesis; mRNA was reverse-transcribed and amplified by real time RT-PCR in the presence of
specific primers. Data are expressed as Hes1, alkaline phosphatase (Ap), and osteocalcin copy number, determined by real time RT-PCR, corrected for Rpl38
expression. Values are means � S.E., n � 4. *, significantly different from control cells, p � 0.05. In B, calvarial osteoblasts harvested from Oc-Cre/�;Hes1�/�;
Hes3�/�;Hes5�/� conditional null mice (Hes1/3/5 null) and Hes1loxP/loxP;Hes3�/�;Hes5�/� littermate controls (Control) were co-cultured with splenocytes
harvested from wild type mice, in the presence of 10 nM 1,25-dihydroxyvitamin D3 (Vit.D, black bars) or control vehicle (white bars). Data are expressed as %
of resorbed area. Values are means � S.E., n � 4 – 6. *, significantly different from control cells, p � 0.05. �, significantly different from cells treated with
vehicle, p � 0.05.

TABLE 4
Femoral histomorphometry and bone microarchitecture of 1-, 3-, and 6-month-old Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� (Hes1/3/5 null) male
mice and Hes1loxP/loxP;Hes3�/�;Hes5�/� (Control) controls
Femoral histomorphometry and microcomputed tomography were performed on femurs from 1-, 3-, and 6-month-old Oc-Cre/�;Hes1�/�;Hes3�/�;Hes5�/� male mice
and Hes1loxP/loxP;Hes3�/�;Hes5�/� male littermate controls. Values are means � S.E.; n � 5–12.

Males
1-month-old 3-month-old 6-month-old

Control Hes1/3/5 null Control Hes1/3/5 null Control Hes1/3/5 null

Femoral histomorphometry
Bone volume/tissue volume (%) 9.5 � 2.0 16.7 � 2.2a 18.2 � 1.3 25.1 � 0.9a 16.4 � 1.2 27.9 � 4.0a
Trabecular separation (�m) 282 � 98 142 � 26 135 � 8 97 � 5a 175 � 9 115 � 18a
Trabecular no. (mm�1) 4.1 � 0.8 6.5 � 0.9 6.1 � 0.3 7.8 � 0.3a 4.9 � 0.2 6.8 � 0.6a
Trabecular thickness (�m) 22.9 � 0.7 25.8 � 0.6a 29.9 � 1.1 32.5 � 1.0 33.5 � 1.8 40.1 � 4.0
Osteoblast surface/bone surface (%) 14.8 � 1.7 18.7 � 4.0 6.5 � 0.4 6.3 � 0.8 9.2 � 0.6 8.3 � 1.4
No. of osteoblasts/bone perimeter (mm�1) 13.8 � 1.5 17.0 � 3.9 6.7 � 0.4 6.5 � 0.7 9.7 � 0.7 8.9 � 1.4
Osteoid surface/bone surface (%) 1.88 � 0.40 1.08 � 0.33 0.17 � 0.07 0.20 � 0.07 0.16 � 0.05 0.07 � 0.03
Osteoclast surface/bone surface (%) 12.0 � 1.0 10.0 � 0.6 7.5 � 0.6 7.2 � 0.5 9.4 � 0.5 8.5 � 0.6
No. of osteoclasts/bone perimeter (mm�1) 5.8 � 0.5 4.6 � 0.3a 3.4 � 0.2 3.2 � 0.2 4.0 � 0.2 3.7 � 0.2
Eroded surface/bone surface (%) 25.0 � 1.9 20.6 � 1.4 14.6 � 1.1 13.6 � 0.8 16.3 � 0.9 15.3 � 0.9
Mineral apposition rate (�m day�1) 1.44 � 0.09 1.95 � 0.10a 0.62 � 0.04 0.50 � 0.04a 0.50 � 0.06 0.49 � 0.03
Mineralizing surface/bone surface (%) 3.1 � 0.2 2.4 � 0.5 4.6 � 1.0 2.8 � 0.6 5.0 � 1.5 5.1 � 1.3
Bone formation rate (�m2 �m�3 day�1) 0.045 � 0.006 0.043 � 0.006 0.031 � 0.007 0.014 � 0.004a 0.030 � 0.010 0.026 � 0.007

Microcomputed tomography
Bone volume fraction (%) 10.8 � 1.9 16.7 � 1.8a 16.5 � 0.9 26.0 � 1.5a 14.6 � 2.8 26.9 � 1.8a
Trabecular separation (�m) 341 � 67 195 � 16 176 � 8 137 � 6a 222 � 17 155 � 7a
Trabecular no. (mm�1) 3.6 � 0.6 5.3 � 0.4a 5.4 � 0.2 6.5 � 0.2a 4.4 � 0.4 5.8 � 0.2a
Trabecular thickness (�m) 40 � 1 41 � 1 43 � 1 46 � 2 50 � 2 53 � 3
Connectivity density (mm�3) 200 � 49 361 � 45a 247 � 22 385 � 30a 149 � 25 273 � 14a
Structure model index 1.87 � 0.05 1.73 � 0.14 1.7 � 0.1 0.9 � 0.2a 1.97 � 0.18 0.80 � 0.29a
Cortical thickness (�m) 118 � 6 115 � 4 223 � 11 212 � 4 229 � 13 188 � 11a

a Significantly different from wild type controls, p � 0.05.
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cause expression of the 3.6-kb Col1a1 promoter fragment is
not entirely specific to skeletal cells (36). HES1 transgenic
mice were moderately osteopenic and whereas males exhib-
ited increased bone resorption, females displayed a reduced
number of osteoblasts. These differences could be explained
by different degrees of penetrance of the Hes1 transgene in
the two sexes or by a sexually dimorphic mechanism of HES1
action in the skeleton. In vitro studies of osteoblastic differen-
tiation of transgenic cells confirmed that HES1 suppressed
osteoblastogenesis, and by acting on osteoblastic cells, it in-
creased bone resorption. These results are in accordance with
the inhibitory effects of HES1 on osteocalcin expression in
osteoblastic cells and explain the osteopenic phenotype ob-
served in HES1 transgenics (27).
The consequences of the conditional inactivation of Hes1

were analyzed in the context of the global deletion of Hes3
and Hes5. Although HES3 and HES5 are expressed in osteo-
blasts, Hes3�/�;Hes5�/� mice had no skeletal phenotype, sug-
gesting that these genes are dispensable for normal skeletal
development and bone remodeling, and their functions may
be carried out by HES1. Inactivation of Hes1 in the limb bud
or in mature osteoblasts caused a skeletal phenotype only in
male mice, and this may be explained by earlier studies dem-
onstrating sexual dimorphism in murine skeletal maturation
and trabecular microarchitecture (56, 57). We could not de-
tect differences in the recombination of the Hes1loxP allele
between male and female Hes1 conditional null mice (data not
shown); therefore, it is unlikely that Cre recombination was
more efficient in skeletal cells from male than from female
mice.
Even though inactivation of Hes1 in the limb bud increased

the number and connectivity of trabeculae, osteoblast number
and function were not changed. These observations are con-
sistent with an inhibitory effect of HES1 on chondrogenesis
and suggest that Hes1 impairs endochondral bone formation
(58). This observation also is in accordance with the suppres-
sion of collagen type 2 �1 transcription by HES1 (58). Studies
on the conditional inactivation of Hes1 in a Hes5 null back-
ground have suggested that HES1 and HES5 are dispensable
for cartilage development (59). This discrepancy with our re-
sults could be explained by the fact that the phenotypic analy-
sis was conducted in mice with a functional Hes3 allele, which
could have compensated for the loss of Hes1 and Hes5.
Inactivation of Hes1 in mature osteoblasts caused a dra-

matic increase in trabecular bone volume and in the struc-
tural properties of cancellous bone, favoring the formation of
plate-like trabecular structures and increasing connectivity.
Although the phenotype of the Hes1 inactivation in the skele-
ton was striking, the mechanisms responsible were less evi-
dent. The increased bone volume observed seemed to be sec-
ondary to a transient increase in osteoblast function and a
decrease in osteoclast function. It is of interest that despite
the fact that functional changes were short-lived, the conse-
quences were long lasting and observed up to 6 months of
age. Cellular experiments confirmed an increase in osteoblast
function and a decrease in the resorptive capacity of oste-
oclast precursors exposed to Hes1 null osteoblasts. Although

the effects were relatively modest, they provide an explana-
tion for the phenotype observed in vivo.
Although Hes1 is a target of Notch signaling in osteo-

blasts, the phenotype observed in these studies indicates
that the misexpression of HES1 does not phenocopy that of
Notch. HES1 transgenics exhibit a less pronounced skeletal
phenotype than mice overexpressing the Notch1 intracel-
lular domain under the control of the 3.6-kb Col1a1 pro-
moter (23). Conditional inactivation of Hes1 in the limb
bud caused a modest phenotype, whereas inactivation of
Notch1 and Notch2 in the limb bud resulted in severe skel-
etal malformations due to abnormal accumulation of hy-
pertrophic chondrocytes (22). An analogous phenotype to
the Notch1 and Notch2 inactivation in the limb bud was
observed following the conditional inactivation of Epstein-
Barr virus latency C promoter binding factor 1, suppressor
of Hairless and Lag-1 (Csl) in chondrocytes (60). CSL
forms a complex with the Notch intracellular domain to
induce transcription of Notch target genes in the canonical
Notch signaling pathway (9). These observations would
confirm a distinct function of Notch canonical signaling in
skeletal development that cannot be fully accounted for by
its induction of HES1 expression. This would suggest that
other Notch target genes, such as Hey1, Hey2, and HeyL
may be responsible, at least in part, for the effects of Notch
in the skeleton. The distinct function of Hes1 is further
substantiated by studies demonstrating that the condi-
tional inactivation of Notch1 and Notch2 in mature osteo-
blasts causes no alteration in osteoblastic function,
whereas the inactivation of Hes1 causes a distinct pheno-
type (22). In vivo and in vitro studies have revealed that in
contrast to the stimulatory effects of Hes1 on osteoclast
function, Notch suppresses osteoclastogenesis (21, 34, 35).
These observations demonstrate that the skeletal effects of
HES1 in osteoblasts are largely independent from those of
Notch signaling (21, 34, 35). It is also important to note
that the expression of Hes1 in skeletal cells is regulated by
alternative signals, such as connective tissue growth factor,
which induces Hes1 by mechanisms independent from
Notch transactivation (24).
Osteoporosis, a disease characterized by reduction in

bone mass, is a major health care problem due to the large
number of people affected and the morbidity and mortality
associated with osteoporotic fractures (15, 61). We have
demonstrated that inactivation of Hes1, Hes3, and Hes5 not
only increases bone mass but also enhances the microar-
chitectural properties of the skeleton. Although inhibition
of intracellular protein function is difficult to achieve, tar-
geted down-regulation of Hes1 expression or activity in
osteoblasts could be considered as a possible strategy in the
development of novel therapies for osteoporosis. Intracel-
lular and extracellular inhibition of Notch signaling has
been proposed for the treatment of a variety of disorders,
such as Alzheimer disease and malignancies, and similar
approaches could be considered for the inactivation of
Hes1 (62). In conclusion, HES1 suppresses osteoblast function
and enhances bone resorption and, as a consequence, regulates
bonemass and bonemicroarchitecture.
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