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Receptor activator of nuclear factor-�B ligand (RANKL) is
essential for osteoclast differentiation, and hormones and cy-
tokines that stimulate bone resorption increase RANKL ex-
pression in stromal/osteoblastic cells. We have previously
shown that PTH and 1,25-dihydroxyvitamin D3 control mu-
rine RANKL gene expression in vitro, in part, via an evolu-
tionarily conserved transcriptional enhancer, designated the
distal control region (DCR), located 76 kb upstream from the
transcription start site. Herein we describe the phenotype of
mice lacking this enhancer. Deletion of the DCR reduced PTH
and 1,25-dihydroxyvitamin D3 stimulation of RANKL mRNA

and osteoclast formation in primary bone marrow cultures as
well as stimulation of RANKL mRNA in bone. DCR deletion
also reduced basal RANKL mRNA levels in bone, thymus, and
spleen. Moreover, mice lacking the DCR exhibited increased
bone mass and strength. The increase in bone mass was due
to reduced osteoclast and osteoblast formation leading to a
low rate of bone remodeling similar to that observed in hu-
mans and mice with hypoparathyroidism. These findings
demonstrate that hormonal control of RANKL expression via
the DCR is a critical determinant of the rate of bone
remodeling. (Endocrinology 149: 146–153, 2008)

BONE REMODELING IN mammals serves to maintain
the biomechanical integrity of the skeleton by contin-

uously replacing old bone with new. This is accomplished by
teams of bone-resorbing osteoclasts and bone-forming os-
teoblasts (1). The rate of bone remodeling is controlled, at
least in part, by the circulating level of PTH. Consequently,
loss or reduction of PTH lowers osteoclast and osteoblast
formation in humans and rodents (2–4), and elevation of
PTH, as in hyperparathyroidism, increases osteoclast and
osteoblast formation (5). PTH also stimulates expression of
receptor activator of nuclear factor-�B ligand (RANKL), a
membrane-bound member of the TNF superfamily that is
required for osteoclast differentiation and supports oste-
oclast survival and bone-resorbing activity (6–9). It has there-
fore been proposed that PTH controls the rate of bone re-
modeling via its ability to control RANKL. In addition, PTH
increases production of 1,25-dihydroxyvitamin D3
[1,25(OH)2D3] via direct stimulation of renal 25-hydroxyvi-
tamin D-1�-hydroxylase (10–12); 1,25(OH)2D3 is another po-
tent stimulator of RANKL gene expression (13). Thus,
changes in PTH levels can affect RANKL expression alone or
in concert with 1,25(OH)2D3.

Initial attempts to identify the cis-acting elements that
control RANKL transcription in response to PTH or
1,25(OH)2D3 produced inconsistent results. Kitazawa and
colleagues (14–16) reported that RANKL promoter con-
structs containing up to 2 kb of 5�-flanking region were
stimulated by both forskolin and 1,25(OH)2D3 in a murine
stromal cell line. These results have been difficult to confirm
by us and others (17–19) using reporter constructs containing
up to 7 kb of 5�-flanking sequence. Recent studies, however,
identified a distant transcriptional enhancer located 76 kb
upstream of the murine RANKL transcription start site that
appears to mediate responsiveness to PTH and 1,25(OH)2D3,
using an approach that involved bacterial artificial chromo-
some-derived reporter constructs (20). In these studies, se-
quences were identified within the distal region of this en-
hancer that bind cAMP response element binding protein
upon stimulation by PTH and are required for up-regulation
of RANKL expression. Separate studies using the method of
chromatin immunoprecipitation (ChIP)-on-chip analysis re-
vealed that the proximal portion of this 2-kb enhancer also
contained an unusual vitamin D-responsive element (VDRE)
that mediated the actions of 1,25(OH)2D3 (21). Based on its
striking distance from the RANKL transcription start site and
its ability to integrate signals from multiple hormones, we
designated this entire 2-kb enhancer as the RANKL distal
control region (DCR) (20, 21).

The importance of the DCR for PTH control of RANKL
transcription was confirmed by targeted deletion of the en-
hancer from the mouse genome (20). We found that mice
lacking the DCR developed normally and, in contrast to
RANKL-deficient mice, were not osteopetrotic. Nonetheless
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and consistent with our reporter gene studies, PTH stimu-
lation of RANKL expression was significantly blunted in
bone marrow stromal cells from DCR-deficient mice cultured
in vitro. However, it remained unknown whether RANKL
expression was altered in DCR-null mice and, if altered,
whether such changes were sufficient to impact either oste-
oclast formation or overall skeletal homeostasis.

In the studies presented here, we show that deletion of the
DCR reduced RANKL expression in bone as well as lym-
phoid tissues and reduced direct stimulation of RANKL ex-
pression by both PTH and 1,25(OH)2D3 in vivo. More im-
portantly, DCR-null mice displayed increased bone mass
and strength due to reduced osteoclast formation leading to
low bone remodeling. These studies demonstrate that hor-
monal control of RANKL expression, via the DCR, controls
the rate of bone remodeling.

Materials and Methods
Materials

Human PTH(1–84) was purchased from Bachem California Inc. (Tor-
rance, CA). Bovine PTH(1–34) was purchased from Sigma (St. Louis,
MO). 1,25(OH)2D3 was purchased from Biomol (Plymouth Meeting,
PA). All cells were maintained in growth medium consisting of �MEM
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT) and 1% each of penicillin, streptomycin, and
glutamine (Sigma).

Animal studies

Generation of DCR�/� mice was described previously (20). To obtain
mice for the studies described herein, the DCR-null allele was crossed
into the C57BL/6 genetic background for four to six generations, and
DCR�/� mice were bred to generate DCR�/� and DCR�/� littermates.
Six-month-old DCR�/� and DCR�/� male mice were injected ip with
PBS without or with PTH(1–84) (230 ng/g) or polypropylene glycol
without or with 1,25(OH)2D3 (1 ng/g). All studies involving mice were
approved by the Institutional Animal Care and Use Committees of the
University of Arkansas for Medical Sciences and the University of Wis-
consin, Madison.

Primary cell cultures

Bone marrow cells were harvested from femurs at 2 months of age
via a centrifugation method as previously described (22). Briefly, the
ends of the femurs were removed and the shaft was placed into a 1.5-ml
microcentrifuge tube containing 0.5 ml �MEM with Hanks’ salts, sup-
plemented with 10% fetal bovine serum, and centrifuged at 12,000 � g
for 2 min at room temperature to elute marrow cells. After centrifuga-
tion, the cells were resuspended in the above medium and debris was
removed by filtering through a nylon mesh. For time-course and dose-
response studies, the bone marrow cells were plated at 5 � 106 cells/well
in 12-well plates containing growth medium and cultured for 10 d.
Growth medium was changed completely on d 3 and 8, after which only
adherent cells remained. On d 10 of culture, the cells were treated with
vehicle, PTH(1–34), or 1,25(OH)2D3 at the concentrations and times
indicated in the figures. For osteoclast formation assays, cells were
plated at 1.5 � 106 cells/well in 24-well plates or 5 � 106 cells/well in
12-well plates. After 3 d, PTH(1–34) (10�7 m), 1,25(OH)2D3 (10�8 m), or
RANKL� macrophage colony-stimulating factor (M-CSF) (30 ng/ml
each) were added, and the cultures were incubated for 6 additional days,
with a change of half of the medium at d 3 and 6. On the last day, cells
were fixed and stained for tartrate-resistant acid phosphatase (TRAP)
activity as previously described (8) or used for RNA extraction.

RNA analysis

Total RNA was purified from cell cultures and tissues using Ultraspec
reagent (Biotecx Laboratories, Houston, TX), according to the manufac-

turer’s directions. Taqman quantitative RT-PCR was performed as pre-
viously described (23) using the following primer probe sets from Ap-
plied Biosystems (Foster City, CA): RANKL (Mm0041908-m1); IL-6
(Mm00446190-m1); osteoprotegerin (OPG) (Mm00435451-m1); cathep-
sin K (Mm01255862-g1); A kinase anchor protein 11 (Mm01313936-m1),
and ribosomal protein S2 (forward, 5�-CCCAGGATGGCGACGAT-3�;
reverse, 5�-CCGAATGCTGTAATGGCGTAT-3�; probe, FAM-5�-TCCA-
GAG CAGGATCC-3�-NFQ). SYBR Green quantitative RT-PCR was per-
formed as described (24) using the following primer set for RANKL,
5�-ATTCAGGTGTCCAACCCTTCC-3�, reverse, 5�-TGCTAATGTTC-
CACGAAATG-3�. Expression levels were determined using the �Ct
method (25).

Bone mineral density (BMD) determinations

Starting at 1 month of age, sequential measurements of BMD in live
mice were performed by dual-energy x-ray absorptiometry with a PIXI-
mus mouse densitometer (Lunar, Fitchburg, WI) using the manufac-
turer’s software as previously described (26).

Bone histomorphometry

The first through fourth lumbar vertebrae were fixed and embedded
undecalcified in methyl methacrylate as previously described (27). His-
tomorphometric examination was done with a computer and digitizer
tablet (OsteoMetrics, Decatur, GA) interfaced to a Zeiss Axioscope (Carl
Zeiss, Thornwood, NY) with a drawing tube attachment. The percentage
of the cancellous perimeter covered by plump, cuboidal osteoblasts
lining osteoid (osteoblast perimeter) and the percentage of the cancel-
lous perimeter bearing TRAP-positive multinucleated cells (osteoclast
perimeter) were measured directly, whereas the rate of bone formation
per cancellous perimeter was calculated. Terminology used was that
recommended by the Histomorphometry Nomenclature Committee of
the American Society for Bone and Mineral Research (28).

Biomechanical testing

The load-bearing properties of the sixth lumbar vertebrae (L6) were
measured using a single column material testing machine and a cali-
brated tension/compression load cell (model 5542; Instron Corp., Grove
City, PA), as previously described (26).

Biochemical markers

Plasma and urine were collected from 5-month-old wild-type and
DCR-deficient female mice. Deoxypyridinoline (DPD) and creatinine
were quantified in urine using ELISA kits (Metra Biosystems, Quidel,
San Diego, CA), and DPD values were corrected by creatinine. Plasma
calcium, PTH, and osteocalcin levels were quantified using a colori-
metric assay (StanBio, Boerne, TX), an ELISA (Immutopics Inc., San
Clemente, CA), or a RIA (Metra Biosystems), respectively.

Statistics

Data were analyzed using SigmaStat (SPSS Science, Chicago, IL). All
values are reported as the mean � sd. Differences between group means
were evaluated with Student’s t test or two-way ANOVA. For experi-
ments in which the data were not normally distributed, the Mann-
Whitney rank sum test was used.

Results
Hormonal control of RANKL is blunted in cells from
DCR�/� mice

We have previously shown that PTH responsiveness of the
RANKL gene was significantly blunted in primary bone mar-
row cultures from DCR�/� mice (20). However, these studies
were performed at a single time point (24 h) with a maximal
concentration of PTH. To determine whether the respon-
siveness to PTH was different in DCR�/� cells at earlier time
points and submaximal concentrations of PTH, we per-
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formed time-course and dose-response studies in primary
bone marrow cultures quantifying RANKL mRNA by real-
time RT-PCR. PTH at a concentration of 10�7 m stimulated
RANKL mRNA in wild-type cells as early as 1 h after treat-
ment, with maximum response achieved after 4 h; this effect
was significantly reduced in DCR�/� cells by 4 h (Fig. 1A).
Deletion of the DCR had no effect on PTH suppression of
OPG, a control gene. Increasing concentrations of PTH led to
a progressive increase in RANKL mRNA in wild-type cells,
and this effect was significantly blunted in DCR�/� cells (Fig.
1B). In contrast, inhibition of OPG was not different between
wild-type and DCR�/� cells at any concentration of PTH.

Our previous mapping (20) and ChIP-on-chip analysis (21)
suggested that 1,25(OH)2D3 may also use the DCR to control
RANKL transcription. As shown in Fig. 1C, 1,25(OH)2D3
stimulated RANKL mRNA in wild-type cells at all time
points, with a maximal response after 24 h. Deletion of the
DCR, however, reduced 1,25(OH)2D3 responsiveness at 4, 12,
and 24 h (Fig. 1C). In contrast, 1,25(OH)2D3 suppression of
a control gene, OPG, was unaffected by loss of the DCR. A
significant reduction in the stimulation of RANKL by
1,25(OH)2D3 was also apparent at the two highest concen-
trations, again with no difference in the response of OPG
between genotypes (Fig. 1D). Taken together, these results
demonstrate that deletion of the DCR blunts responsiveness
of the RANKL gene to both PTH and 1,25(OH)2D3 in primary
bone marrow cultures.

To determine whether this reduction in RANKL gene re-
sponsiveness was sufficient to alter hormone-induced oste-
oclastogenesis, bone marrow cultures from wild-type and
DCR�/� mice were treated with PTH or 1,25(OH)2D3, and
osteoclastogenesis was quantified by enumerating TRAP-
positive multinucleated cells. Increasing concentrations of
PTH increased osteoclast number in wild-type cultures in a
dose-dependent manner (Fig. 2A). However, this response
was abolished in DCR�/� cultures (Fig. 2A). DCR deletion
also reduced osteoclastogenesis induced by 1,25(OH)2D3 but
to a lesser extent than with PTH. The reduction in osteoclast
formation was not due to reduced numbers of osteoclast

precursors because soluble RANKL and M-CSF stimulated
similar levels of osteoclast differentiation in bone marrow-
derived mononuclear cell cultures from both genotypes. In
separate cultures we quantified osteoclast formation by mea-
suring transcripts of the osteoclast-specific gene cathepsin K.
Cathepsin K mRNA in PTH-treated cultures from DCR�/�

mice was reduced, compared with cultures from wild-type
mice (Fig. 2B). DCR deletion also blunted the response to
1,25(OH)2D3, although this reduction was less than that seen
with PTH. These results demonstrate that loss of the DCR
reduces hormonal stimulation of osteoclastogenesis in vitro.

Hormonal control of RANKL is blunted in vivo

We have shown previously that the DCR is required for
elevation of RANKL mRNA in bone in vivo after 7 d on a
calcium-deficient diet, a maneuver that elevates both PTH
and 1,25(OH)2D3 (20). However, it is unclear whether the
elevated RANKL in this situation was due to direct control
of RANKL transcription by PTH, 1,25(OH)2D3, or both or
through downstream factors regulated by these hormones.
To determine whether the DCR was required for control of
RANKL by acute elevation of either hormone, mice were
injected with PTH or 1,25(OH)2D3, and RANKL mRNA was
quantified in bone 1 h after PTH injection or 6 h after
1,25(OH)2D3 injection. Loss of the DCR significantly blunted
the response of the RANKL gene to either hormone (Fig. 3,
A and B). Control genes, IL-6 for PTH and CYP24 for
1,25(OH)2D3, responded equivalently in both genotypes (Fig.
3, A and B). These results are consistent with the blunted in
vitro responsiveness and suggest that the DCR is indeed
required for direct control of RANKL by these two calcio-
tropic hormones.

RANKL expression is reduced in bone and lymphoid tissues
of DCR�/� mice

We next determined whether DCR deletion altered
RANKL mRNA abundance in tissues that express the highest
levels of the gene, namely bone and lymphoid tissues. At 1

FIG. 1. DCR ablation blunts RANKL stimulation by PTH and 1,25(OH)2D3 in vitro. Quantitative RT-PCR analysis of RANKL and OPG mRNA
in primary bone marrow cultures treated with 10�7 M PTH (A) or 10�8 M 1,25(OH)2D3 (C) for the indicated times or treated with increasing
concentrations of PTH (B) or 1,25(OH)2D3 (D) for 4 h. RANKL and OPG values were normalized to ribosomal protein S2 mRNA levels. Values
represent the mean fold change relative to contemporaneous vehicle-treated cultures � SD. All treatments were performed in triplicate. WT,
Wild type; KO, knockout. *, P � 0.05 vs. WT.
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month of age, RANKL expression in bone was not signifi-
cantly reduced by loss of the DCR (Fig. 4A). In contrast,
RANKL expression was reduced by approximately 50% in
the thymus and spleen of DCR�/� mice. At 5 months of age,
however, RANKL expression in DCR�/� mice was reduced
by 20–40% in bone and 25% in spleen (Fig. 4B). Thymus was
not examined in the 5-month-old mice because the organ had
undergone atrophy in both genotypes. As a control for these
experiments, we quantified expression of AKAP11, a gene
located immediately upstream of RANKL on chromosome
14. Transcripts for this gene were not different between wild-
type and DCR�/� mice in any of the tissues examined. These
results demonstrate that the DCR contributes to RANKL
expression in bone and lymphoid tissue.

Bone mass and strength are elevated in DCR�/� mice

To determine whether the reduction in RANKL expression
in DCR�/� mice resulted in changes in bone mass, BMD was
measured. BMD was elevated in 1-month-old DCR�/� male
mice at all skeletal sites but only in the spine in females (Fig.
5A). At 2 and 5 months of age, BMD was elevated at all sites

in both sexes, with an increase of approximately 10% in the
female spine (Fig. 5, B and C). Consistent with increased bone
mass, L6 vertebra from 6-month-old mice exhibited a 26%
increase in compression strength that was still present when
normalized for bone size (Fig. 5D). Therefore, loss of the DCR
increased not only bone mass but also the biomechanical
properties of bone.

Bone remodeling is reduced in DCR�/� mice

Finally, to establish the cellular basis for the elevated bone
mass observed in DCR�/� mice, we performed histomor-
phometric studies on vertebral cancellous bone of 5-month-
old mice. In agreement with the BMD analysis, cancellous
bone area was significantly elevated in mice lacking the DCR
(Fig. 6, A, I, and J). Trabecular width and number were
increased, whereas trabecular separation was decreased (Fig.
6, B–D). Osteoclast and osteoblast perimeter were both re-
duced, as was the bone formation rate and activation fre-
quency (Figs. 6, E–H). Cortical width was not different be-
tween wild-type and DCR�/� mice (Fig. 6K). Consistent with
the changes in cancellous osteoclast perimeter, urinary DPD,
a marker of bone resorption, was significantly reduced in
5-month-old DCR�/� mice (Fig. 6L). In contrast, no differ-
ence in circulating osteocalcin, a marker of bone formation,
was detected (Fig. 6M). Calcium homeostasis was unper-
turbed in DCR�/� mice because serum calcium and PTH
levels were comparable in both genotypes (Fig. 6, N and O).
Taken together, these results demonstrate that deletion of the
DCR reduced bone turnover in adult mice.

Discussion

The results presented here show that loss of the DCR
blunts responsiveness of the RANKL gene to PTH and
1,25(OH)2D3 and results in reduced bone remodeling, an
effect that is associated in turn with increased bone mass and
strength. The increase in bone mass was confined to cancel-
lous bone because cortical width was unchanged and oc-
curred despite reductions in both resorption and formation.
The increase in trabecular number and width, together with
the decreased trabecular separation, indicates that bone mass
was elevated in part because columns of the primary spon-
giosa were not resorbed as effectively as in the wild-type
animals during growth. Thus, more of them persisted in the

FIG. 3. DCR deletion blunts RANKL stimulation by calciotropic hor-
mones in vivo. Quantitative RT-PCR analysis of RANKL, IL-6, or
CYP24 mRNA in calvaria of wild-type (WT) and DCR�/� mice after
ip administration of either PTH (in PBS) or 1,25(OH)2D3 (in polypro-
pylene glycol). A, Six-month-old male mice were injected with PTH(1–
84) (230 ng/g) and killed after 1 h. B, Three-month-old male and
female mice were injected with 1,25(OH)2D3 (1 ng/g) 6 h before the
animals were killed. Values were normalized to ribosomal protein S2
mRNA, are the mean of three to six mice/group � SD and are presented
as fold change relative to vehicle-treated WT mice. KO, Knockout. *,
P � 0.05 vs. WT.

FIG. 2. Lack of DCR reduces osteoclast formation by PTH and 1,25(OH)2D3 in vitro. A, Bone marrow cells from DCR�/� and wild-type (WT)
mice were treated with increasing concentrations of PTH, 1,25(OH)2D3 or with RANKL�M-CSF (30 ng/ml), and TRAP-positive cells containing
at least four nuclei were counted after 6 d. B, Quantitative RT-PCR analysis of cathepsin K mRNA in bone marrow cultures after stimulation
with 10�7 M PTH or 10�8 M 1,25(OH)2D3 for 6 d. Values were normalized to ribosomal protein S2 mRNA, are the mean of triplicate cultures �
SD, and are presented as fold change relative to vehicle-treated WT cells. KO, knockout. *, P � 0.05 vs. WT.
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secondary spongiosa. If the increase in bone mass is due to
unbalanced bone remodeling in favor of bone formation, the
difference in bone mass caused by lack of the DCR should
increase with time. However, the difference in BMD between
wild-type and DCR�/� mice was relatively constant between
2 and 5 months of age (Fig. 5), suggesting that although both
resorption and formation were reduced, bone remodeling
remained balanced.

The results of our study are consistent with the idea that
the DCR mediates the effects of PTH on bone remodeling.
The changes in bone remodeling in the DCR�/� mice are
similar to those observed in mice lacking PTH due to genetic
manipulation (3) as well as to those seen in parathyroidec-
tomized rats (4) and humans with hypoparathyroidism (2).
If RANKL is reduced in DCR�/� mice because this enhancer
mediates the effects of PTH, then RANKL should be reduced
in these situations as well. Although RANKL expression has
not been measured in humans with hypoparathyroidism,

RANKL mRNA in bone was reduced after parathyroidec-
tomy in rats (4) but was not significantly reduced in PTH-null
mice (29). Maintenance of RANKL mRNA levels in PTH-null
mice may have resulted from elevation of PTHrP expression
because haploinsufficiency of PTHrP combined with PTH-
deletion dramatically reduced RANKL mRNA (29). Because
the DCR mediates some of the effects of 1,25(OH)2D3 on
RANKL, it is possible that the effects of this hormone on bone
remodeling are also mediated via the DCR. However, the
finding that a diet that restores circulating calcium levels in
vitamin D receptor (VDR)-deficient mice also restores nor-
mal numbers of osteoclasts and osteoblasts on cancellous
bone (30) suggests that the VDR, and thus its action on the
DCR, is not required for basal bone remodeling.

Deletion of the DCR reduced both the osteoclast and os-
teoblast perimeters. These results demonstrate that the nor-
mal coordination between bone resorption and bone forma-
tion, frequently referred to as coupling, remains intact in

FIG. 5. BMD and bone strength are increased in mice lacking the DCR. Femoral, spinal, and total-body BMD of 1- (A), 2- (B), or 5-month-old
(C) male or female wild-type (WT) and DCR�/� mice. The same cohort of animals was used for each time point. D, Load-bearing properties of
the sixth lumbar vertebra (maximum load and stress) from 6-month-old male WT and DCR�/� mice. Values are mean of 10–16 mice/group �
SD. KO, Knockout. *, P � 0.05, **, P � 0.01 vs. WT.

FIG. 4. DCR deletion reduces RANKL mRNA levels in bone and lymphoid tissue. Quantitative RT-PCR analysis of RANKL and AKAP11 mRNA
in calvaria, vertebra, spleen, and thymus of wild-type (WT) and DCR�/� animals at 1 (A) or 5 (B) months of age. Values were normalized to
ribosomal protein S2 mRNA, are the mean of nine to 18 mice/group � SD, and are presented as fold change relative to WT mice. KO, Knockout.
*, P � 0.05 vs. WT.
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DCR�/� mice. Whereas the mechanisms that underlie this
coordination remain unknown, two different explanations
have been proposed. According to the first, release of factors,
such as TGF�, from the bone matrix as a consequence of
osteoclast activity recruits osteoblast progenitors and pro-
motes their differentiation (31). Thus, osteoblastogenesis in
this serial pathway of coupling is a consequence of oste-
oclastogenesis (32). Because of evidence that osteoclastogen-
esis may depend on cells of the osteoblast lineage, we pro-
posed earlier the existence of a second or parallel pathway
in which coupling results in part from linkage of osteoclas-
togenesis to osteoblastogenesis (32). Because abundant evi-
dence demonstrates that RANKL controls osteoclast differ-
entiation and function but has no effect on osteoblasts (33),
the decrease in osteoblasts and bone formation observed in
DCR-deficient mice is most likely secondary to the decrease
in osteoclast production, bone resorption, or both and thus
supports the existence of the serial pathway. Alternatively,
the reduction in osteoblasts may have resulted from de-
creased levels of an unknown factor produced by osteoclasts
that promotes osteoblastogenesis (34).

Because deletion of the DCR reduced hormone-stimulated
RANKL expression in bone marrow stromal cell cultures, it
is likely that the reduced RANKL levels observed in bone
occurred in this same cell population. However, our obser-
vation that RANKL mRNA was also reduced in lymphocyte-
containing tissues, together with previous studies showing
that activated T lymphocytes express significant amounts of
RANKL (35), leaves open the possibility that the DCR con-

tributes to RANKL expression in this cell type. Nonetheless,
the finding that RANKL mRNA expression in bone marrow
was unaffected by loss of T lymphocytes suggests that, at
least under basal conditions, this cell type is not a major
source of RANKL in bone (36).

Although deletion of the DCR appeared to have a similar
impact on RANKL mRNA stimulation by both PTH and
1,25(OH)2D3, the magnitude of osteoclast formation in vitro
in response to PTH was more blunted than in response to
1,25(OH)2D3. The reason for this difference is unclear but
may be related to the different timeframes of the two end
points. Specifically, the osteoclastogenesis assays involved
6 d of continuous exposure to the hormones, whereas the
longest time point in our analysis of RANKL mRNA expres-
sion was 24 h. Thus, it is possible that at later time points,
1,25(OH)2D3 was more effective than PTH at stimulating
RANKL expression in the absence of the DCR, possibly via
the more proximal VDREs identified previously (21).

Importantly, serum calcium concentration was normal in
DCR�/� mice, suggesting that PTH control of RANKL is not
required for calcium homeostasis under basal conditions.
Although the reduced bone resorption caused by DCR de-
letion must have reduced the skeletal contribution to circu-
lating calcium levels, the contribution from intestinal ab-
sorption and renal reabsorption should not have been
affected. Moreover, it is likely that calcium levels did not fall,
and PTH was not elevated, in DCR�/� mice because the
demand for calcium was also reduced as a result of lower
bone formation, thus maintaining homeostasis, at least under

FIG. 6. DCR deletion reduces bone remodeling. Vertebral sections (L1–4) from 5-month-old female wild-type (WT) and DCR�/� mice were used
to determine the following histomorphometric measurements: bone area over total tissue area (BA/TA) (A), trabecular width (Tb.Wi) (B),
trabecular separation (Tb.Sp) (C), trabecular number (Tb.N) (D), osteoblast perimeter (Ob.pm/B.pm) (E), osteoclast perimeter (Oc.pm/B.pm)
(F), bone formation rate per bone perimeter (BFR/B.pm) (G), activation frequency (Ac.F) (H), and cortical width (Ct.Wi) (K). Longitudinal
undecalcified vertebral sections of WT (I) and DCR�/� (J) mice (unstained slides viewed without coverslips at �25). Urinary DPD. (L), plasma
osteocalcin (M), calcium (N), and PTH (O) levels. Values represent the mean of 12–18 mice/group � SD. KO, Knockout. *, P � 0.05 vs. WT.
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basal conditions. Because lactation increases bone resorption,
likely via PTHrP (37), a decrease in the ability to nurse off-
spring could have been anticipated in DCR�/� mice. DCR-
null dams produced pups that at weaning were similar in
size to pups from wild-type dams (data not shown). It should
be noted, however, that pup size is not necessarily affected
by a reduced ability to resorb bone in nursing dams because
these end points were not altered by mammary gland-spe-
cific deletion of PTHrP, a maneuver that decreases bone
resorption (37).

Bone strength was elevated in 6-month-old DCR�/� mice.
Assuming that one purpose of bone remodeling is to main-
tain skeletal strength, one might expect that the reduced bone
remodeling in DCR�/� mice would lead with age to an
accumulation of fatigue damage and reduced bone strength.
If increased fatigue damage was present in the 6-month-old
mice analyzed in our study, it must have been more than
compensated for by the increase in bone mass. Be that as it
may, future studies will be required to assess the presence
and extent of microdamage in DCR-null mice and whether
strength does indeed decline with age.

The results presented here confirm the validity of our in
vitro enhancer-mapping studies. Nonetheless, it is likely that
additional response elements exist because deletion of the
DCR did not completely eliminate hormonal responsiveness.
Whereas such elements may include the cAMP response
elements and VDREs believed to be located in the proximal
promoter (14–16, 38), it seems more likely that the multiple,
highly conserved binding sites for both cAMP response el-
ement binding protein and the VDR identified more recently
by ChIP-on-Chip analysis and direct ChIP studies mediate
the residual hormonal responsiveness (21, 39). Additional
targeted deletion of these putative enhancers will be required
to address this question definitively.

In conclusion, our results demonstrate that the DCR en-
hancer integrates signals from multiple hormones and is a
key regulator of the rate of bone remodeling. The increase in
bone mass and strength in DCR-deficient mice suggests that
the molecular mechanisms by which the DCR functions may
represent a novel therapeutic target for reducing bone turn-
over. However, as with other antiresorptive therapies, it will
be important to determine the consequences of long-term
suppression of bone remodeling on bone strength. Addi-
tional studies will also be required to determine the role of
the DCR in the bone loss due to elevated PTH. Finally, it has
been suggested that optimal bone anabolic responsiveness to
intermittent PTH requires stimulation of bone resorption
(34); DCR-deficient mice represent a unique tool with which
to directly address this idea.
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