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Abstract

Parathyroid hormone (PTH) suppresses the expression of a bone formation inhibitor sclerostin 

(Sost) in osteocytes by inducing nuclear accumulation of histone deacetylases (HDACs) to inhibit 

the myocyte enhancer factor 2 (MEF2)-dependent Sost bone enhancer. Previous studies revealed 

that lipoprotein receptor–related protein 6 (LRP6) mediates the intracellular signaling activation 

and the anabolic bone effect of PTH. Here, we investigated whether LRP6 mediates the inhibitory 

effect of PTH on Sost using an osteoblast-specific LRP6-deficient (LRP6-KO) mouse model. An 

increased level of Sost mRNA expression was detected in femur tissue from LRP6-KO mice, 

compared to wild-type littermates. The number of osteocytes expressing sclerostin was also 

increased in bone tissue of LRP6-KO mice, indicating a negative regulatory role of LRP6 on Sost/

sclerostin. In wild-type mice, intermittent PTH treatment significantly suppressed Sost mRNA 

expression in bone and the number of sclerostin+ osteocytes, while the effect of PTH was much 

less significant in LRP6-KO mice. Additionally, PTH-induced down-regulation of MEF2C and 

2D, as well as HDAC changes in osteocytes, were abrogated in LRP6-KO mice. These data 

indicate that LRP6 is required for PTH suppression of Sost expression.
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Introduction

Parathyroid hormone (PTH), an 84 amino acid peptide secreted by parathyroid glands, 

controls calcium homeostasis and stimulates bone remodeling by binding to PTH/PTH-
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related peptide receptor (PTH1R).1-3 Intermittent increases of PTH in the circulation, as 

achieved by daily injections, lead to bone gain. Owing to this property, PTH is the only 

current US Food and Drug Administration (FDA)-approved bone anabolic agent for 

osteoporosis. The PTH bone anabolic effect has been mainly attributed to the ability of the 

hormone to stimulate a rapid increase in osteoblasts and bone formation.4-6 At the molecular 

level, PTH binds to PTH1R, a class II G protein–coupled receptor that activates several 

signaling pathways, including the Gsα-linked cAMP-dependent protein kinase A (PKA) and 

the Gq/11-linked phosphatidyl inositol-specific phospholipase C (PLC)-protein kinase C 

signaling pathways.7-9 The specific roles of these distinct PTH1R signaling pathways in 

bone have been examined in vivo.10-13

Our previous work suggested that PTH also orchestrates signaling of local factors, 

including, but not limited to, TGF-β, Wnt, BMP, and IGF-1,14-18 in modulation of bone 

modeling. In particular, PTH stimulates formation of a complex of PTH1R and lipoprotein 

receptor-related protein 6 (LRP6) in osteoblastic lineage cells, resulting in the activation of 

both β-catenin-Tcf/Lef signaling 16, 19, 20 and cAMP–PKA signaling.21, 22 Importantly, 

LRP6 is not only essential for the survival and differentiation of osteoblastic lineage cells 

during skeletal growth 69 and bone remodeling, 23 but it is also required for PTH-associated 

anabolic effects in mice.23

At the cellular level, osteoblasts have been regarded as the main target cells of the PTH 

anabolic effect, but recent increasing evidence identifies osteocytes as critical effectors of 

PTH action.24-29 Osteocytes, the most abundant cells in bone, comprising more than 90% of 

cells within the matrix or on bone surfaces, are the master signal sensors, integrators, and 

transducers of the skeleton.30, 31 Osteocytes are highly connected with cells on the bone 

surface and within the mineralized bone matrix, which allows the transport of proteins 

secreted by osteocytes to other cells via the osteocytic lacunar–canalicular system. One of 

the molecules secreted by osteocytes is sclerostin, the product of the gene Sost.32-34 

Sclerostin binds to LRP5 and LPR6 and prevents activation of Wnt signaling, as well as 

antagonizes the actions of BMPs, 35-37 which are critical for osteoblastogenesis and bone 

formation. As LRP6 is an essential element in PTH–PTH1R signaling pathway, sclerostin 

was also found to antagonize PTH action in osteoblasts by binding to LRP6.22 Loss of 

sclerostin in humans causes the high bone mass disorders Van Buchem's disease and 

sclerosteosis,38, 39 and in mice high bone mass.40, 41 Conversely, mice overexpressing Sost 

exhibit low bone mass.26, 32 Neutralizing antibodies against sclerostin restore bone mineral 

density.42-44 Thus, sclerostin, secreted by osteocytes, is an important negative regulator of 

bone mass through the inhibition of osteoblastic bone formation.

The expression of Sost in osteocytes is negatively regulated by PTH. Both continuous and 

intermittent PTH administration suppresses Sost mRNA and sclerostin protein expression in 

cells from mice,34, 45, 46 rats,47, 48 and humans.49, 50 PTH exerts its repressive effect by 

inhibiting myocyte enhancer factor 2 (MEF2) transcription factors, which bind to a distant 

downstream enhancer that is required for Sost expression in adult bone.46, 51-53 Vertebrates 

express four MEF2 proteins, MEF2A, B, C, and D. It has been demonstrated that MEF2A, 

C, and D, but not MEF2B, are expressed in adult bone.46 Moreover, mice lacking Mef2c in 

osteocytes or lacking the Mef2c downstream enhancer region display reduced sclerostin 
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levels and high bone mass.51, 54 The activity of MEF2s is controlled by a variety of 

signaling pathways. Specifically, histone deacetylases (HDACs), a family of enzymes 

capable of deacetylating lysine residues in a wide variety of cellular proteins, including 

histones,55 are important regulators of the transcription activity of MEF2 genes. Baertschi et 

al recently showed that class I HDAC1, 2, and 3 are required for constitutive Sost 

expression, whereas PTH-induced Sost suppression was associated with specific, rapid 

nuclear accumulation of class II HDAC5 and co-localization with MEF2 proteins.56 

Moreover, mice lacking Hdac5 show increased sclerostin levels in osteocytes, low bone 

density, and reduced bone formation.57 In agreement with an important role of MEF2C and 

HDAC5 in control of Sost expression, Mef2c and Hdac5 were identified as two of 20 loci 

affecting bone mineral density in a meta-analysis of five genome-wide association studies of 

femoral neck and lumbar spine bone mineral density.58 Therefore, HDAC–MEF2–Sost 

pathway is important in the regulation of bone metabolism.

PTH-regulated Sost suppression has been shown to be initiated by the cAMP signaling 

pathway downstream of the PTH1R,45, 59 a pathway in which LRP6 is an essential 

component in osteoblastic-lineage cells.16, 19-23 We have reported that LRP6 in osteoblasts 

is required for osteoblastic differentiation during bone remodeling and for the anabolic 

effects of PTH by using an osteoblast-specific LRP6-deficient mouse model.23 Using the 

same mouse model, we now show that the expression levels of Sost mRNA, sclerostin 

protein, HDAC2–4, and transcription factors MEF2C and 2D are significantly upregulated 

in osteocytes of LRP6-KO mice compared to wild-type mice. More importantly, the effects 

of intermittent PTH treatment on Sost repression and MEF2 protein downregulation in 

osteocytes of femurs are blunted in LRP6-KO mice. Our results suggest that LRP6 is 

essential for the inhibitory effect of PTH on Sost/sclerostin expression in osteocytes.

Materials and methods

Mice and treatment

Lrp6f/f mice were obtained from Van Andel Research Institute. 60, 61 Transgenic mice 

expressing the Cre recombinase under the control of a 3.9-kb fragment of the human 

osteocalcin promoter (OC-Cre) were obtained from T. Clemens (Baltimore, MD).62 The 

generation of homozygous deletion Cre+/−;Lrp6f/f mice (LRP6-KO hereafter) and control 

Cre−/−;Lrp6f/f (WT hereafter) were described previously.23 Mice were maintained on a 

mixed background of C57Bl/6J, 129, and FVB/N. All animals were maintained in the 

Animal Facility of the Johns Hopkins University School of Medicine. The experimental 

protocol was reviewed and approved by the Institutional Animal Care and Use Committee of 

the Johns Hopkins University, Baltimore, MD. Genomic DNA extraction and genotyping of 

the animals were prepared as described previously.23 Primers for Cre recombinase and the 

loxP sites were used for PCR. For PTH treatment, two month-old male WT mice and KO 

mice were randomized into four groups: WT-vehicle, WT-PTH, KO-vehicle, and KO-PTH. 

Six mice of each treatment group were used. Mice were subcutaneously injected with either 

human PTH1–34 or vehicle (1 mM acetic acid in phosphate buffered saline (PBS)) at a 

dosage of 80 μg/kg daily, five days per week, for 4 weeks. Human PTH1–34 was purchased 

from Bachem Bioscience Inc. (King of Prussia, PA).
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Immunohistochemical and immunofluorescence analysis of the bone tissue sections

Left femurs of mice were decalcified in 10% EDTA (pH 7.4, 5 N NaOH) for 14 days. 

Samples were then embedded in paraffin wax and 4 μm longitudinal sections were cut on a 

microtome (HM325, Thermo Scientific). To standardize staining, consecutive longitudinal 

sections from each femur sample were stained for a single batch of immunohistochemical 

and immunofluorescence staining, and the staining using the same antibody was repeated 

three times per sample. A total of six mice per treatment group were used. Bone sections 

were processed for antigen retrieval by digestion in 0.05% trypsin for 15 min at 37 °C and 

then blocked with PBS containing 5% bovine serum albumin (BSA) for 1 hr, and then 

incubated with antibodies against rabbit sclerostin (diluted 1:50, Abcam, MA), rabbit LRP6 

(diluted 1:100, Abcam, MA), rabbit MEF2C (diluted 1:100, Abcam, MA), rabbit HDAC2 

(diluted 1:250, Abcam, MA), rabbit HDAC3 (diluted 1:250, Abcam, MA) overnight at 4 °C. 

An HRP- or AP-streptavidin detection system (Dako) was subsequently used to detect the 

immunoactivity followed by counterstaining with hematoxylin (Sigma). Sections incubated 

with polyclonal rabbit IgG (R&D Systems, AB-105-C) under the same concentrations and 

conditions as negative control. Double immunofluorescence staining was performed as 

described previously.16 After blocking in 0.5% horse serum, sections were incubated first 

with antibodies, followed by incubation with FITC- or Cy3-conjugated secondary antibodies 

(Jackson ImmunoResearch). Nuclei were counterstained with DAPI (Sigma). The sections 

were observed under a fluorescence microscope (BX51, Olympus). To quantify the 

osteocyte numbers that were positive for the detected signaling, five random high power 

fields per tissue section were selected, and averages per section were taken as the final 

measures. The percentage of osteocytes that stained positive for each antibody, out of the 

total osteocytes, was then calculated.

Quantitative real-time PCR

Femora were harvested and both ends and surrounding soft tissues of the bone were 

removed. The remaining bones were flushed to remove bone marrow cells and digested with 

a protease solution (2 mg/ml collagenase A and 2.5 mg/ml trypsin in PBS) for 20 min to 

remove the osteoblasts and osteo-progenitors on bone surface. Total RNA for quantitative 

real-time (qRT)-PCR was extracted from the bone tissue using Trizol reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer's protocol. RNA purity was tested by 

measuring the absorbance at 260 and 280 nm. For qRT-PCR, cDNA was prepared with 

random primers using the SuperScript FirstStrand Synthesis System (Invitrogen) and 

analyzed with SYBR GreenMaster Mix (Qiagen, Valencia, CA) in the thermal cycler with 

two sets of primers specific for each targeted gene. Relative expression was calculated for 

each gene by 2-ΔΔCT method, with GAPDH for normalization. Primers used for qRT-PCR 

are listed in Supplememtary Table 1.

Statistical analysis

All data were presented as mean ± SEM. All statistical tests were two-sided. A P-value less 

that 0.05 was considered significant. Comparability of two groups of data was assessed 

using a Students t-test.
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Results

Osteocytes with LRP6 deficiency secrete high levels of sclerostin

We previously generated mice lacking LRP6 specifically in mature osteoblasts (LRP6-KO) 

by crossing mice expressing the Cre recombinase driven by the human osteocalcin promoter 

(OC-cre) with mice expressing loxP-flanked Lrp6 (Lrp6f/f). We have confirmed that Lrp6 

was deleted specifically in skeletal tissue in LRP6-KO mice.23 We examined whether LRP6 

expression is also affected in osteocytes— terminal differentiated cells derived from 

osteoblasts—in the mice. Immunohistochemical analysis revealed that LRP6 expression was 

detected in most (approximately 75%) of the osteocytes in cortical bone of femora in wild-

type mice, but only in a small portion (about 23%) of osteocytes in femurs of the LRP6-KO 

mice (Fig. 1A and 1B). Similarly, Lrp6 mRNA level was decreased approximately 77% in 

bone tissue measured by qRT-PCR (Fig.1C). Therefore, LRP6 protein is also deleted in 

most of the osteocytes in LRP6 KO mice. As LRP5 and LRP6 are highly homologous 

proteins that transduce the same canonical Wnt signaling, we also examined LRP5 

expression in osteocytes in LRP6-KO mice. As shown in Fig. 1D and 1E, more LRP5+ 

osteocytes were detected in cortical bone of femora in LRP6-KO mice compared to WT 

mice, indicating a compensatory role of LRP5 in regulating the activities of osteocytes. We 

then examined whether the levels of Sost and sclerostin expression in osteocytes were 

affected by Lrp6 deletion. The number of sclerostin+ osteocytes was significantly increased 

in cortical bone of femora in LRP6-KO mice, compared with WT mice, by 

immunohistochemical analysis (Fig.1F and G). Consistently, in real-time PCR assays 

elevated Sost mRNA level was observed in femur tissue of LRP6-KO mice compared with 

WT mice (Fig.1H).

To further examine if the association of the increased sclerostin expression with LRP6 

deficiency in ostyocytes, a double-immunofluorescence staining of the femoral tissue from 

the WT and LRP6-KO mice was performed. Consistent with Fig. 1A and 1F, LRP6 

expression was detected in most of the osteocytes in cortical bone of femora in WT mice, 

but in many fewer osteocytes in LRP6-KO mice (Fig. 1I and J). The number of the 

sclerostin+ osteocytes was significantly increased in cortical bone of femora from LRP6-KO 

mice, compared with WT mice (Fig. 1I and K). Most importantly, double-stained LRP6+ 

sclerostin+ osteocytes were almost undetectable in LRP6-KO mice (Fig. 1I and L). Thus, the 

upregulation of sclerostin in osteocytes is directly associated with LRP6 deficiency at a 

single cell level in bone tissue.

LRP6 deficiency abolishes the suppressive effect of PTH on sclerostin expression in 
osteocytes

To determine whether PTH-repressed Sost expression in osteocytes is also affected by LRP6 

deficiency, we examined the expression changes of Sost and sclerostin in osteocytes in 

femur tissue from WT mice and LRP6-KO mice after daily injection of either PTH1–34 or 

vehicle for 4 weeks. PTH administration in WT mice reduced the number of sclerostin+ 

osteocytes (about 40%) relative to vehicle treatment (Fig. 2A and B). In LRP6-KO mice, 

reduced number of sclerostin+ osteocytes was still observed with PTH treatment versus 

vehicle treatment, but the reduction is much less significant (about 13% reduction) (Fig. 2A 
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and B). Moreover, the numbers of sclerostin+ osteocytes in KO mice were dramatically 

increased compared with those in WT mice in either vehicle- or PTH-treatment groups. In a 

quite similar fashion, the reduction of Sost mRNA level in femur tissue was dramatic (about 

45%) in WT mice when compared PTH treatment with vehicle treatment, whereas this 

reduction was much less (about 12%) in KO mice (Fig. 2C). Thus, the suppressive effect of 

PTH on Sost/sclerostin in osteocytes was alleviated by LRP6 deficiency.

LRP6 deficiency abolishes the inhibitory effect of PTH on MEF2 expression in osteocytes

As transcription factor MEF2s have been reported to mediate the effect of PTH on Sost 

repression,46, 51-53 we examined the expression of MEF2s in osteocytes in femur tissue from 

WT mice and LRP6 KO mice after PTH treatment. In vehicle-treated mice, elevated mRNA 

levels of MEF2C and 2D but decreased levels of MEF2A and 2B were observed in femur 

tissue of LRP6-KO mice relative to WT mice (Fig. 3A–D, compare third and first bars). 

PTH treatment induced a decrease in the levels of MEF2A, 2C, and 2D in femur tissue of 

WT mice (Fig. 3A–D, compare second and first bars), but the reductions in all three genes 

caused by PTH were abolished in LRP6-KO mice (Fig. 3A–D, compare fourth and third 

bars). Consistently, immunohistochemical analysis revealed that the number of MEF2C-

positive osteocytes was increased in KO mice compared to WT mice with vehicle treatment 

(Fig. 4A–B, compare third and first panels). Unlike in WT mice, PTH treatment failed to 

inhibit MEF2C expression in osteocytes in KO mice (Fig. 4A–B, compare fourth and third 

panels). Therefore, LRP6 is required for PTH suppression of MEF protein expression in 

osteocytes.

LRP6 regulates the expression of HDACs in osteocytes

It is known that HDACs interact with MEF2 transcription factors, and the MEF2–HDAC 

axis plays an important role in regulating development, differentiation, and tissue 

homeostasis.63 Two recent reports demonstrated that HDACs regulate MEF2C-driven 

sclerostin expression in osteocytes.56, 57

We examined the expression levels of HDACs in osteocytes in femur tissue from wild-type 

mice and LRP6-KO mice after PTH1–34 or vehicle treatment. Upregulated mRNA levels of 

Hdac2, 3, and 4, but not Hdac1 and 5, were observed in femur tissue from LRP6-KO mice 

compared with WT mice (Fig 5A–E, compare third and first bars). Surprisingly, PTH 

treatment significantly decreased mRNA levels of Hdac2, 3, and 4 in WT mice (Fig 5B–D, 

compare second and first bars), while the effect of PTH treatment was not significant in 

LRP6-KO mice (Fig 5B–D, compare fourth and third bars). We also examined the in situ 

expression of HDAC2 and 3 in osteocytes of femur tissue by immunohistochemical analysis. 

Similar to the results of qRT-PCR, the numbers of HDAC2+ and HDAC3+ osteocytes in 

femur tissue of the LRP6-KO mice were significantly increased compared to WT mice in 

both vehicle- and PTH-treatment groups (Fig. 6A and B). The results are consistent with the 

conclusion that LRP6 is an important regulator of HDACs in osteocytes.
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Discussion

In this study we used a genetic approach in mice to define the role of LRP6 in PTH-induced 

Sost suppression in osteocytes. We provide evidence that LRP6 is a negative regulator of 

MEF2 activity and Sost expression in osteocytes. More importantly, we demonstrate that 

LRP6 expression is required for PTH-induced Sost suppression. Previous studies revealed 

that LRP6 is a key element in PTH–PTH1R-stimulated β-catenin-Tcf/Lef 16, 19, 20 and 

cAMP-PKA signaling pathways21, 22 in osteoblastic lineage cells, and therefore essential for 

the PTH bone anabolic effect.23 The present finding that LRP6 mediates the PTH effect on 

the MEF2–Sost pathway adds an additional dimension to the current understanding of 

LRP6-mediated PTH activity on bone (Fig. 7).

It is known that LRP6 deficiency disrupted the differentiation and survival of osteoblastic 

lineage cells, resulting in impaired bone formation during bone growth and bone remodeling 

in adults.23, 64 The current finding that LRP6 deficiency results in increased expression of 

Sost/sclerostin in osteocytes may be one of the major mechanisms for LRP6 deficiency-

caused low bone mass. In this study, we used osteocalcin promoter-driven Cre to delete 

Lrp6 specifically in mature osteoblasts. In addition to the deficiency of LRP6 in bone 

surface osteoblasts,23 we found that most of the osteocytes (approximately 69%) in bone 

matrix also lost LRP6 expression. We found that sclerostin+ osteocytes were almost doubled 

in LRP6-KO mice, compared to WT mice, and almost all osteocytes that had strong 

sclerostin expression were LRP6-deficient in cortical bone tissue of the mice. The results 

strongly suggest that LRP6 in osteocytes is a strong native inhibitor of sclerostin production. 

It will be interesting to examine in future studies if serum sclerostin levels are increased in 

the LRP6-deficient mice and whether sclerostin antibody administration in LRP6-deficient 

mice will restore osteoblast activities and bone formation. One of the reasons for the 

negative regulation of LRP6 on Sost expression is that LRP6 is required for PTH-stimulated 

cAMP signaling, which directly suppresses Sost expression in osteocytes.46 Indeed, our 

finding that intermittent PTH treatment-induced Sost suppression was significantly 

alleviated by LRP6 deficiency supports this concept. We note that Sost expression 

suppressed by PTH was not completely abolished in LRP6-KO mice. The most reasonable 

explanation is that Lrp6 was not completely deleted in all osteocytes in the OC-Cre mouse 

model. Future studies in an osteocyte-specific Lrp6 deletion mouse model are needed to 

define if LRP6 in osteocytes is essential to mediate the PTH effect on Sost suppression.

We cannot exclude the possibility that LRP6 also mediates the suppressive effect of other 

stimuli/factors on Sost expression. The fact that more LRP5+ osteocytes in cortical bone of 

femora in LRP6-KO mice suggests that increased LRP5 may serve as a compensatory 

mechanism in regulating the activities of osteocytes. However, it is known that LRP6, but 

not LRP5, is an essential mediator for PTH-elicited bone anabolic effect during bone 

remodeling.23, 64, 65 Therefore, it is most likely that the increased LRP5 in osteocytes in 

LRP6-KO mice has no effect on transducing PTH-induced SOST suppression but instead 

participates in regulating other activities of osteocytes. LRP6 has been proposed to be a 

central organizer for the extracellular antagonist network for the regulating signaling 

pathways of different local growth factors.17 It has been reported that TGF-β166 and 

prostaglandin E2 (PGE2),67 local factors released in bone microenvironment, regulate Sost 
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transcription in bone. It will be interesting to determine if LRP6 is involved in the effects of 

these factors on Sost expression.

The molecular mechanisms controlling Sost transcription are only beginning to be 

unraveled. Both recent in vitro and in vivo studies suggest the importance of the MEF2–

HDAC axis in regulating Sost expression in osteocytes. Specifically, MEF2A, C, and D are 

robustly expressed in osteocytes and control Sost expression in a synergistic manner.46 

HDAC5 interacts with MEF2 at the Sost enhancer and directly inhibits MEF2-driven 

sclerostin expression in osteocytes, 57 as well as in UMR106 osteosarcoma cells.56

We found that osteocytes in LRP6-KO mice have increased levels of MEF2C and D, 

consistent with LRP6 being a negative regulator of the MEF2–Sost pathway. Our data also 

show, consistent with previous reports, that PTH treatment significantly reduced the levels 

of MEF2C and D in osteocytes in wild-type mice, and that this effect of PTH was 

completely abolished in LRP6-KO mice. These data suggest that LRP6 mediates the 

suppressive effect of PTH on the MEF2C–Sost pathway. We noted that unlike MEF2C and 

2D, the level of MEF2A was dramatically down-regulated after Lrp6 deletion. It is unclear 

whether this effect of LRP6 is associated with Sost regulation. Future studies, by performing 

ChIP assay using specific MEF2A antibody and primers flanking the MEF2 binding site of 

Sost, are needed to clarify the effect of LRP6. A recent study reported that HDAC1–3 are 

required for constitutive Sost expression, whereas HDAC5 rapidly translocates into nucleus 

in response to PTH treatment and contributes to PTH-induced Sost suppression.56 

Unexpectedly, we found that the levels of HDAC2-4 were up-regulated by LRP6 deficiency 

and down-regulated by PTH, but the level of HDAC5 was not affected by either LRP6 

deficiency or PTH treatment. One explanation is that although the expression of HDAC5 is 

unchanged, translocation into nucleus may be relatively higher after PTH treatment. Our 

data suggest that LRP6 primarily regulates the expression HDAC2–4 in osteocytes. It is not 

clear whether this effect of LRP6 is associated with its inhibitory effect on Sost expression. 

It is possible that the change of HDAC2–4 in osteocytes by PTH treatment or Lrp6 deletion 

is associated with the transcriptional regulation of genes other than Sost. Obri et al.68 

reported that PTH induces RANKL (Tnfsf11) expression by triggering the protein 

degradation of HDAC4, which releases MEF2C and transactivates the Tnfsf11 promoter. 

Further biochemical studies will help determine whether LRP6 plays a role in the PTH-

regulated MEF2–HDAC–RANKL pathway, and whether LRP6 is involved in HDAC5-

associated regulation of Sost expression in osteocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Osteocytes in femur tissue of Oc-Cre–mediated conditional LRP6-deficient mice had 

increased Sost/sclerostin expression. (A and B) Immunohistochemical analysis of LRP6 

expression in cortical bone of femur from 3 month-old male Oc-Cre;Lrp6f/f (KO) and 

Cre−/−;Lrp6f/f (WT) mice. Representative images of immunohistochemical staining with an 

antibody to LRP6 (brown), A. Scale bars: 50μm. Quantification of LRP6+ osteocytes out of 

total osteocytes, B. (C) qRT-PCR analysis of Lrp6 expression in cortical bone extracts from 

3-month-old male WT and KO mice. (D and E) Immunofluorescence staining of LRP5 in 

cortical bone of femur from 3 month-old male WT and KO mice. Representative images, D, 

and quantification of LRP5-positive osteocytes out of total osteocytes, E, are shown. Scale 

bars: 50μm. (F and G) Immunohistochemical analysis of sclerostin expression in cortical 

bone of femur from 3 month-old male WT and KO mice. Representative images of 

immunohistochemical staining with an antibody to sclerostin (brown) in low power (F, 

upper panels) and high power (F, bottom panels). Scale bars: 50μm. Quantification of 

sclerostin+ osteocytes out of total osteocytes, G. (H) qRT-PCR analysis of Sost expression in 

cortical bone extracts from 3-month-old male WT and KO mice. (I–L) Double-

immunofluorescence staining of LRP6 and sclerostin in cortical bone of femur from 3 

month-old male WT and KO mice. Representative images, I, and quantification of LRP6+, J, 

sclerostin+, K, and LRP6+sclerostin+, L, osteocytes out of total osteocytes were shown. 

Scale bars: 50μm. For all the experiments, a total of three femur sections from each mouse, 

and six mice per treatment group were analyzed. *P < 0.01 vs. WT mice.
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Figure 2. 
PTH treatment failed to inhibit sclerostin/Sost expression in osteocyte in LRP6-deficient 

mice. (A) Representative images of immunohistochemical staining with an antibody to 

sclerostin (brown) in 3-month-old male WT and KO mice treated with vehicle or PTH1–34 

daily at 80 mg/kg bw, 5 days a week for 4 weeks. Scale bars: 50 μm. (B) Quantification of 

sclerostin+ osteocytes out of total osteocytes. (C) qRT-PCR analysis of Sost expression in 

cortical bone extracts from 3-month-old male WT and KO mice treated with vehicle or PTH. 

For all the experiments, a total of three femur sections from each mouse, and six mice per 

treatment group were analyzed. *P < 0.05, **P < 0.01.
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Figure 3. 
PTH treatment failed to inhibit MEF2s mRNA expression in bone of LRP6-deficient mice. 

QRT-PCR analysis of Mef2a (A), Mef2b (B), Mef2c (C), and Mef2d (D) gene expression in 

cortical bone extracts from 3-month-old male WT and KO mice treated with vehicle or PTH 

daily at 80 mg/kg bw, 5 days a week for 4 weeks. Six mice per treatment group were 

analyzed. *P < 0.01.
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Figure 4. 
PTH treatment failed to inhibit MEF2s protein expression in osteocytes of LRP6 deficient 

mice. (A) Representative images of immunohistochemical staining with an antibody to 

MEF2C (pink) in 3-month-old male WT and KO mice treated with vehicle or PTH1–34 

daily at 80mg/kg bw, 5 days a week for 4 weeks. Scale bars: 50μm. (B) Quantification of 

MEF2C-positive osteocytes out of total osteocytes. A total of three femur sections from each 

mouse, and six mice per treatment group were analyzed. *P < 0.01.
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Figure 5. 
Inhibitory effect of PTH on Hdac mRNA expression in bone is abolished by LRP6 

deficiency. Quantitative RT-PCR analysis of Hdac1 (A), Hdac2 (B), Hdac3 (C), Hdac4 (D), 

Hdac5 (E) mRNA levels in cortical bone extracts from 3-month-old male WT and KO mice 

treated with vehicle or PTH daily at 80 mg/kg bw, 5 days a week for 4 weeks. Six mice per 

treatment group were analyzed. *P < 0.05, **P < 0.01.
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Figure 6. 
Inhibitory effect of PTH on HDAC 2 and 3 protein expression in osteocytes is abolished by 

LRP6 deficiency. (A) Representative images of immunohistochemical staining with an 

antibody to HDAC2 (brown) in 3-month-old male WT and KO mice treated with vehicle or 

PTH1–34 daily at 80 mg/kg bw, 5 days a week for 4 weeks. Scale bars: 50μm. (B) 

Quantification of HDAC2+ osteocytes out of total osteocytes; n = 6; *P < 0.05, **P < 0.01. 

(C) Representative images of immunohistochemical staining with an antibody to HDAC3 

(brown) in 3-month-old male WT and KO mice treated with vehicle or PTH1–34 daily at 80 

mg/kg bw, 5 days a week for 4 weeks. Scale bars: 50 μm. (D) Quantification of HDAC3+ 

osteocytes out of total osteocytes. A total of three femur sections from each mouse, and six 

mice per treatment group were analyzed. *P < 0.01.
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Figure 7. 
Schematic model of the involvement of LRP6 in the PTH-stimulated anabolic bone effect. 

PTH-stimulated complex formation of PTH–PTH1R–LRP6 results in the activation of 

cAMP-PKA and β-catenin-Tcf/Lef signaling pathways in osteoblastic lineage cells. In 

earlier stages of osteoblastic lineage cells, LRP6-mediated activation of both pathways by 

PTH promotes the survival and differentiation of osteoblasts, leading to increased 

osteoblastic bone formation (A). In osteocytes, LRP6-mediated activation of cAMP 

signaling pathway by PTH inhibits MEF2 transcription factor–stimulated activity of Sost 

transcription and reduces sclerostin production, leading to increased osteoblastic bone 

formation (B).
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