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LRP6 in mesenchymal stem cells is required for bone formation

during bone growth and bone remodeling

Changjun Li1, Bart O Williams2, Xu Cao1 and Mei Wan1

Lipoprotein receptor-related protein 6 (LRP6) plays a critical role in skeletal development and homeostasis in
adults. However, the role of LRP6 in mesenchymal stem cells (MSCs), skeletal stem cells that give rise to
osteoblastic lineage, is unknown. In this study, we generated mice lacking LRP6 expression specifically in
nestin1 MSCs by crossing nestin-Cre mice with LRP6flox mice and investigated the functional changes of bone
marrow MSCs and skeletal alterations. Mice with LRP6 deletion in nestin1 cells demonstrated reductions in
body weight and body length at 1 and 3 months of age. Bone architecture measured by microCT (mCT) showed a
significant reduction in bone mass in both trabecular and cortical bone of homozygous and heterozygous LRP6
mutant mice. A dramatic reduction in the numbers of osteoblasts but much less significant reduction in the
numbers of osteoclasts was observed in the mutant mice. Osterix1 osteoprogenitors and osteocalcin1 osteoblasts
significantly reduced at the secondary spongiosa area, but only moderately decreased at the primary spongiosa
area in mutant mice. Bone marrowMSCs from the mutant mice showed decreased colony forming, cell viability
and cell proliferation. Thus, LRP6 in bone marrow MSCs is essential for their survival and proliferation, and
therefore, is a key positive regulator for bone formation during skeletal growth and remodeling.
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INTRODUCTION
Low-density lipoprotein receptor-related protein 6 (LRP6),

a member of the low-density lipoprotein receptor-related

family, was initially identified as a coreceptor of Wnts and

promote canonical Wnt signaling.1–5 Recent human and

animal genetic studies indicate that LRP6 is a key regulator

for skeletal development and bone homeostasis in

adults.6–13 Wnt triggers a number of different intracellular

signaling cascades and the particular pathways triggered

by a Wnt binding to its receptor complex is determined by

the two co-receptors, LRP5 and 6, involved in the initial

engagement. LRP5 and 6 are transmembrane proteins

whose large extracellular domains are highly related. The

role of LRP5 was emphasized by the discovery of some

patients with either high or low bone mass phenotypes,

caused by activating and loss-of-function mutations of

LRP5, respectively.14–17 The role of LRP6 in regulating skel-

etal homeostasis is less studied. It was reported that a

single missense mutation in LRP6R611C that underlies auto-

somal dominant early onset coronary artery disease and

osteoporosis in a very large outlier Iranian kindred.6

Recently, the same group identified three novel mutations

in 200 white Americans with early onset familial coronary

artery disease and osteoporosis, indicating the involve-

ment of LRP6 in regulating bone metabolism.7 From mouse

genetic studies, LRP6 seems to have both distinct and

overlapping functions with LRP5 in bone. Lrp62/2 mice

are embryonic lethal and display defects in both limb

and axial development.2,10 As with Lrp5, haploinsuffi-

ciency for Lrp6 results in reduced bone mass, but also

worsens Lrp5 deficiency-induced osteopenia in double-

mutant mice, demonstrating that the functions of

these two receptors are not fully redundant.10–11,18–19

Importantly, two recent studies in the mice with osteo-

blast-specific LRP6 deletion demonstrated that LRP6 in

mature osteoblasts is required for osteoblastic differenti-

ation and the maintenance of bone homeostasis.12–13

Bone homeostasis depends on the concerted activities

of bone cells. Bone cells such as osteoblasts and osteo-

clasts must proliferate, migrate, attach, spread and

1Department of Orthopaedic Surgery, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA and 2Center for Skeletal Disease and

Tumor Metastasis and Laboratory of Cell Signaling and Carcinogenesis, Van Andel Research Institute, Grand Rapids, MI, USA

Correspondence: M Wan (mwan4@jhmi.edu)

Received: 20 December 2013; Revised: 15 January 2014; Accepted: 31 January 2014; Uncorrected proof published 9 April 2014

OPEN Citation: Bone Research (2014) 2, 14006; doi:10.1038/boneres.2014.6
� 2014 Sichuan University. All rights reserved 2095-4700/14

www.boneresearch.org

http://dx.doi.org/hortres
www.nature.com&sol;boneres


differentiate from precursor cells originating from

mesenchymal or hematopoietic stem cells. Osteoblasts

were shown to be non-replicative.20 An adequate supply

of osteoblasts from their precursors, bone marrow

mesenchymal stem cells (MSCs), is critical to bone forma-

tion. The fact that skeletal development proceeds normally

in embryos that lack either Lrp5 or Lrp6 in the skeletogenic

mesenchyme, which contain precursors for the skeletal tis-

sues,21 suggests that LRP5 and LRP6 redundantly regulate

osteoblastogenesis and skeletal development, and indi-

vidual LRP5 or 6 is not essential for embryonic bone

development. Whether MSC-specific LRP6 is important in

the maintenance of bone mass in postnatal bone growth

and bone remodeling in adults is not characterized.

MSCs are clonogenic populations that present in het-

erogeneity within the bone marrow. The challenge is that

no defined in vivo markers are able to label the entire MSC

population. Nestin is an intermediate filament protein that

was originally identified as a marker of neural progeni-

tors.22 It has recently been reported that, transgenes that

use control regions from the nestin gene mark early cells in

the osteoblast lineage with a perivascular location.23

Sorting for nestin-GFP cells, the cells carrying green fluor-

escent protein under the control of nestin gene regulatory

regions, in adult bone yielded all the bone’s colony-

forming unit - fibroblast (CFU-F), some of which expressed

markers of osteoblastic, adipogenic and chondrogenic

differentiation. The number of these nestin-GFP cells

increased after 5 weeks of parathyroid hormone (PTH)

administration. Further, when a nestin-creERT transgene

was activated by administration of tamoxifen in

3-month-old mice, osteoblasts, osteocytes and chondro-

cytes were marked after a prolonged chase using a

reporter gene. This study suggests that nestin-CreERT marks

bone marrow MSCs that have both self-renewal and multi-

lineage potential in vivo. In the present study, we gener-

ated a mouse model, in which LRP6 is selectively ablated in

nestin1 cells by crossing nestin-Cre mice with Lrpflox mice.

We demonstrated that LRP6 expression in nestin1 MSCs

affected their survival, proliferation and colony-forming

capacity, resulting in skeletal defects in both bone growth

and bone remodeling.

MATERIALS AND METHODS
Animals

Lrp6f/f mice were obtained from Van Andel Research

Institute.21,24 Transgenic mice expressing the Cre recombi-

nase under the control of human nestin promoter (nestin-

Cre) were purchased from Jackson Lab. Homozygous

Lrp6f/f mice were crossed with nestin-Cre transgenic mice

to generate double heterozygous nestin-Cre1/2; Lrp6wt/f

mice, which were then mated with Lrp6f/f mice to generate

control Cre2/2; Lrp6f/f mice (named ‘Lrp61/1’ hereafter),

heterozygous deletion Cre1/2; Lrp6wt/f mice (named

‘Lrp61/2’ hereafter) and homozygous deletion Cre1/2;

Lrp6f/f mice (named ‘Lrp62/2’ hereafter). 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, USA). Genomic DNA was extracted from

tail snips with phenol/chloroform. Genotyping of the ani-

mals was achieved by PCR for Cre recombinase (59-GCG

GTC TGG CAG TAA AAA CTA TC-39 and 59-GTG AAA CAG

CAT TGC TGT CAC TT-39) and the loxP sites (59-GGG GTT CTA

CTT TTG TGT GTG G-39 and 59- CCG TCT GTT TGC ATA AAG

CAA CA-39).

Antibodies

Primary antibodies including goat anti-LRP6 (Abcam,

Cambridge, MA, USA), anti-nestin (Aves Labs, Tigard, OR,

USA), rabbit anti-osterix (Abcam, Cambridge, MA, USA),

rabbit anti-osteocalcin (Takara, Otsu, Shiga, Japan) and

anti-5-bromo-29-deoxyuridine (BrdU) (Abcam, Cambridge,

MA, USA) were used for immunohistochemical analysis.

Secondary antibodies for immunohistochemistry were from

Jackson ImmunoResearch (West Grove, PA, USA).

Analysis of skeletal phenotypes

Mice were anesthetized by inhalation of 2.5% isoflurane

(Abbott Laboratories, Abbott Park, IL, USA) mixed with O2

(1.5 L?min21). For microCT (mCT) analysis, femora obtained

from mice were dissected free of soft tissue, fixed overnight

in 70% ethanol and analyzed by a high resolution mCT

(SkyScan1076 in-vivo CT; SKYSCAN Company, Kontich,

Belgium). Image Reconstruction software (NRecon v1.6),

data analysis software (CTAn v1.9) and three-dimensional

model visualization software (CTVol v2.0) were used to

analyze parameters of the trabecular bone in the meta-

physis and mid-diaphyseal cortical bone. The scanner was

set at a voltage of 50 kVp, a current of 201 mA and a reso-

lution of 12.636 79 mm per pixel. Cross-sectional images of

the distal femur were used to perform three-dimensional

histomorphometric analysis of trabecular bone. The sam-

ple area selected for scanning was a 3.0-mm length of the

metaphyseal trabecular bone immediately subjacent to

the growth plate. Cortical morphometry was analyzed

within a 600 mm long section at mid-diaphysis of the femur

and included measurements of average thickness and

cross-sectional area.

For histochemistry, immunohistochemistry and histomor-

phometric analysis, the femora were resected and fixed in

phosphate-buffered saline (pH 7.4) containing 4% para-

formaldehyde for 48 h, decalcified in 10% ethylene-

diamine tetraacetic acid (pH 7.0) for 14 days and

embedded in paraffin. Four-mm-thick longitudinally
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oriented sections of bone including the metaphysis and

diaphysis were processed for hematoxylin–eosin and

immunohistochemical staining. For static histomorphome-

try, measurements of two-dimensional parameters of the

trabecular bone were performed with OsteoMeasureXP

Software(OsteoMetrics, Inc.,Decatur,GA, USA). Thesample

area selected for calculation was a 1 mm2 area within the

metaphyseal trabecular bone. All sections were observed

on Olympus BX51 microscope (Olympus, Tokyo, Japan).

Immunohistochemistry analysis was performed using

standard protocol as the manufacturer recommended

(EnVision System; Dako, Carpinteria, CA, USA). Briefly, the

bone sections were processed for antigen retrieval by

digestion in 0.05% trypsin (pH 7.8) for 15 min at 37 6C, and

then incubated with antibodies against LRP6 (diluted

1:50), osteocalcin (Ser463/465) (diluted 1:100) and osterix

(diluted 1:400) overnight at 4 6C. An horseradish peroxidase

(HRP)-streptavidin detection system (Dako, Carpinteria,

CA, USA) was subsequently used to detect the immunoac-

tivity followed by counterstaining with hematoxylin

(Sigma, St. Louis, MO, USA). Sections incubated with 1%

non-immune serum phosphate buffered solution (PBS)

solution served as negative controls. For immunofluores-

cence staining, sections were incubated with first antibod-

ies (anti-LRP6, anti-nestin or anti-BrdU) followed by

incubation with fluorescein isothiocyanate-conjugated

or Cy3-conjugated secondary antibodies (Jackson

ImmunoResearch). Nuclei were counterstained with 49,6-

diamidino-2-phenylindole. (Sigma). The sections were

mounted with the ProLong Antifade Kit (Molecular

Probes, Eugene, OR, USA) and observed under a confocal

microscope (FLUOVIEW FV300; Olympus, Tokyo, Japan).

Measurements of serum osteocalcin and crosslinked

C-terminal telopeptide of type 1 collagen (CTX-I)

Serum bone formation marker osteocalcin and bone

resorption marker CTX-I, were measured using commercial

kits: Mouse Osteocalcin EIA Kit (Biomedical technologies,

Inc. Stoughton, MA) and Mouse CTX-I ELISA Kit

(MyBioSource, Inc., San Diego, CA, USA) according to

the manufacturer’s instructions.

CFU-F assays of bone marrow MSCs

Bone marrow cells were collected from wild-type (WT),

heterozygous and homozygous LRP6-deficient mice

euthanized by cervical dislocation. For CFU-F assays, at

the time of euthanasia, bone marrow from femoral, tibial

and humeral medullary cavities were collected, and cell

numbers were determined after removal of red blood

cells with Zapoglobin (Coulter Corp., Miami, FL, USA). The

numbers of CFU-Fs in murine bone marrow isolates were

determined in cocultures with irradiated guinea pig mar-

row cells, as reported.25

Isolation of murine bone marrow MSCs and in vitro deletion

of LRP6

At the time of euthanasia, bone marrow from femoral, tibial

and humeral medullary cavities of WT mice were collected,

and cell numbers were determined after removal of red

blood cells with Zapoglobin (Coulter Corp.). Cells aliquots

were incubated for 20 min at 4 6C with phycoerythrin-, fluor-

escein isothiocyanate-, peridinin chlorophyll protein- and

allophycocyanin-conjugated antibodies against mouse

Sca-1, CD29, CD45 and CD11b (Bio-Legend, San Diego,

CA, USA). Acquisition was performed on a fluorescence-

activated cell sorting Aria model (BD Biosciences, San

Jose, CA, USA), and analysis was performed with a fluor-

escence-activated cell sorting DIVE software version 6.1.3

(BD Biosciences). The sorted CD291Sca-11CD452CD11b2

MSCs were enriched by further culture. To eliminate LRP6

from the cells, cultured MSCs were infected with control

adenovirus (Ad-GFP) or Cre recombinase virus M1 (Ad-

CreM1) (Vector Laboratories, Burlingame, CA, USA) at a mul-

tiplicity of infection of 100 for most experiments.

Population doubling time, cell viability and proliferation

assays

After infected with adenovirus, MSCs were cultured for two

passages (P2) before analysis. Population doubling times

were calculated between P1 and P2 as t/n, where t is the

duration of culture in days and n is the number of popu-

lation doublings calculated by using the formula

n5(logNh2logNi)/log 2, where Nh is the number of cells har-

vested at the time of counting at P2 and Ni is the number of

cells initially plated at P1). To test the viability of the cells,

13105 of MSCs infected with adenovirus were seeded into

six-well plates. The cells were trypsinised after 48 h of culture

using 1 mL of 0.25% trypsin. A 1:2 dilution of the cells in

Trypan Blue (T8154; Sigma-Aldrich, St. Louis, MO, USA) was

made and transferred onto a coverslipped haemocyt-

ometer. Using phase-contrast light microscopy, viable cells

were identified as rounded and bright, whereas blue cells

were considered nonviable. A cell count and the calcula-

tion of percentage viability were recorded. To test the pro-

liferation capacity of the cells, 13105 of MSCs infected with

adenovirus were seeded into each chambered slide and

incubated for 24 h, 5 mL of 10 mmol?L21 BrdU was added

into the media and incubated for 2 h. Cells were then fixed

with methonal. Immunohistochemistry analysis was per-

formed using mouse anti-BrdU as described above.

Statistical analysis

All data were presented as mean6s.e.m. For comparison of

histomorphometric parameters in WT and KO mice, Student’s

t-test was used. For quantitative analysis of immuno-

staining data, Student’s t-test was performed followed by

Chi-square test. Significant level was defined as P,0.05.
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RESULTS
Mice with LRP6 deletion in nestin1 MSCs acquire a low

bone mass phenotype

Double heterozygous nestin-Cre1/2; Lrp6wt/flox mice were

crossed with Lrp6flox/flox mice (Figure 1a) to generate four

genotypes of mice: Cre2/2; Lrp6flox/flox (Lrp61/1), Cre2/2;

Lrp6wt/flox, heterozygous deletion Cre1/2; Lrp6wt/flox

(Lrp61/2) and homozygous deletion Cre1/2; Lrp6flox/flox

(Lrp62/2). All four different genotypes of mice were born

at the expected Mendelian frequency, and the survival of
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Figure 1. Generation and characterization of Nestin-Cre; LRP6f/f mice. (a) Schematic diagram to generate Nestin-Cre transgenic mice on Lrp6-flox
background. LoxP sites in Lrp6 gene are indicated by dark triangles. Primers used for the allele-specific PCR in panel b are indicated by black arrows.
(b and c) Expression of LRP6 in bone tissues frommale Cre2/2; LRP6F/f (Lrp61/1), Cre1/2; Lrp6wt/f (Lrp61/2) andCre1/2; Lrp6f/f (LRP62/2)mice tested
by genomic PCR (b) and qRT-PCR (c). The bands in upper panel represent the insertion of loxP site in exons 2. The bands in lower panel show Cre-
mediated recombination of the Lrp6flox allele only occurred in bone tissue of Lrp61/2 and Lrp62/2 mice. The primers used for the PCR amplification in
upper and lower panels were indicated in a. (d–f) Immunohistochemical analysis of LRP6 expression in femur sections of 3-month-old male Lrp61/1

Lrp61/2 and Lrp62/2 mice. Number of total LRP6-positive cells per mm2 tissue area (N.LRP61 cells/T.Ar) (d). Representative double-immunofluor-
escence staining of LRP6 (green) and nestin (red) in femur sections from 3-month-old male Lrp61/1, Lrp61/2 and Lrp62/2 mice (e). Nuclei were
counterstained with DAPI (blue). Yellow arrows, perivascular nestin1 cells that express LRP6; green arrows, nestin2 cells that express LRP6; red
arrows, nestin1 cells that do not express LRP6. Scale bars5100 mm.Quantitative analysis of the percentage of nestin1LRP61 double5positive cells out
of total nestin1 cells (f). A total of three femur sections from each mouse and five mice per treatment group were analyzed. *P,0.05, **P,0.001, vs.
Lrp61/1 group. (g) Representative images showing the sizes of 3-month-oldmalemicewith different genotypes. DAPI, 49,6-diamidino-2-phenylindole;
qRT-PCR, quantitative reverse transcriptase-PCR.
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all Lrp6-deficient mice was indistinguishable from that of

control mice (Cre2/2; Lrp6flox/flox and Cre2/2; Lrp6wt/flox).

Analysis of genomic DNA confirmed that deletion of exons

2, which encode the Lrp6 domain, occurred efficiently in

bone tissue such as femur and calvarium (Figure 1b).

Heterozygous Lrp61/2 and homozygous Lrp62/2 mice exhib-

ited approximately 40% and 60% reduction, respectively,

in LRP6 expression levels in mRNA in bone tissue as

detected by quantitative reverse transcriptase-PCR analysis

(Figure 1c). We also assessed whether nestin1 MSCs-derived

bone cells lost LRP6 expression by immunohistochemical

analysis of femur tissue sections using an antibody against

LRP6. The reduction in total LRP61 cells were observed in

bone tissue of Lrp61/2 and Lrp62/2 mice compared with

those in WT littermates (Figure 1d). Notably, almost all the

perivascular nestin1 cells (in red) expressed LRP6 (in green)

in femur tissue of WT mice (Figure 1e, overlapped red cells

and green cells, and Figure 1f). Perivascular nestin1 cells in

bone marrow of Lrp61/2 and Lrp62/2 mice, however, lost

LRP6 expression (Figure 1e, red cells only), even though

other types of cells in bone marrow still express LRP6 in these

mice (Figure 1e, green cells only). The results suggest that

LRP6 is successfully knocked out in nestin1 MSCs. Lrp61/2

and Lrp62/2 mice of both sexes initially appeared normal,

but they were smaller than WT littermates at 1 month and

3 months after birth as quantified by body weight, body

length, and tail length (Figure 1g and Table 1). Mice expres-

sing Cre only did not exhibit any skeletal abnormality relative

to WT mice in deferent studies26–27 and no abnormal pheno-

type was observed in our analysis.

To examine the bone phenotypes in the mutant mice, we

performed a longitudinal analysis of bone architecture using

mCT. Both male Lrp61/2 and Lrp62/2 mice showed reduced

trabecular bone volume, thickness and number, and

increased trabecular space at 3 months of age compared

to WT littermates, and the reduction was more pronounced

in Lrp62/2 mice (Figure 2). Notably, BV/TV reduced .50%

(Figure 2b) and the trabecular number reduced .40%

(Figure 2d) in Lrp2/2 mice relative to WT mice. Female

Lrp61/2 mice and Lrp62/2 mice exhibit similar changes in

all these parameters compared to female WT littermates

(Figure 2f–2j). Cortical bone architecture in the mutant mice

of both sexes was also altered significantly (Figure 3).

Cortical tissue area was reduced more than 20% in male

(Figure 3b) and 15% in female mutant mice (Figure 3f) rela-

tive to controls. Cortical bone thickness was reduced by

approximately 10% in both sexes (Figure 3d and 3h). The

results suggest that LRP6 deficiency in nestin1 cells results in

low bone mass in both trabecular and cortical bone during

postnatal bone growth and bone remodeling in adults.

Mice with LRP6 deletion in nestin1 MSCs show decreased

osteoblastic bone formation

As the phenotypic changes of the skeleton in mutant mice

are quite similar in male and female, we then analyzed the

changes of osteoblasts and osteoclasts in bone of male

mice. We chose 3-month-old mice, which is considered as

the late growth phase when the longitudinal bone growth

still remains and bone remodeling is already active.28

The primary spongiosa area and secondary spongiosa

area of a long bone represent active areas of bone

growth/modeling and remodeling, respectively. Bone

histomorphometric analyses revealed a more than 70%

reduction in osteoblast number per bone perimeter and

more than 75% reduction in osteoblast surface per bone

surface at the secondary spongiosa area of femur, bone

remodeling active area, from mutant mice relative to

WT mice (Figure 4e and 4f). The reductions in osteoblast

numbers at the primary spongiosa area of femur of the

mutant mice were much less pronounced (Figure 4a

and 4b). The results indicate that MSC-specific LRP6 posi-

tively regulates osteoblastogenesis during bone remodel-

ing. Decreases in osteoclast numbers at the primary and

secondary spongiosa area of femur from mutant mice vs.

WT mice were also observed, but the changes were much

less compared with the changes of osteoblast numbers

(Figure 4c, 4d, 4g and 4h). We also performed tartrate-

resistant acid phophatase (TRAP) staining in the femoral

Table 1. Baseline phenotype in 1-month-old and 3-month-old Lrp61/1, Lrp61/2 and Lrp62/2 mice

Parameter

Male Female

Lrp61/1 Lrp61/2 Lrp62/2 Lrp61/1 Lrp61/2 Lrp62/2

(n510) (n510) (n510) (n510) (n510) (n510)

1-month-old mice

Body mass/g 24.5063.04 21.8561.73* 14.1762.4* 21.6562.33 15.960.61* 13.6763.8*

Body length/cm 16.1561.67 15.0060.71* 12.8661.46* 17.0061.41 13.7760.40* 13.5061.29*

Tail length/cm 7.2561.06 6.6560.50* 5.8660.85* 8.0060.71 6.3360.23* 6.1160.64*

3-month-old mice

Body mass/g 30.5362.60 27.9061.43* 23.761.12* 22.3561.52 19.3560.97* 18.3060.80*

Body length/cm 17.0060.39 16.0060.41* 1560.46* 17.0060.25 15.0060.21* 15.0060.29*

Tail length/cm 7.8760.16 6.7060.24* 6.5060.35* 8.0060.16 6.8560.43* 6.7560.14*

Values presented are mean6s.e.m.

*P,0.05 versus Lrp61/1.
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sections of these mice. Consistent with the results of histo-

morphometry analysis, the numbers of TRAP-positive

osteoclasts on the trabecular bone surface of Lrp61/2

and Lrp62/2 mice were also reduced compared to WT

mice (Figure 4i-4l). We also measured the serum levels of

the bone formation marker osteocalcin and the bone

resorption marker CTX-I in the mice. Reduced serum

concentrations of osteocalcin but unchanged serum con-

centration of CTX-I were detected in both Lrp61/2 and

Lrp62/2 mice relative to WT mice (Figure 4m and 4n). As

the activities of bone-forming osteoblasts and bone-

resorptive osteoclasts are well coupled during bone remo-

deling, our results suggest that LRP6 deficiency in nestin1

MSCs primarily caused dramatic reduction in osteoblastic

bone formation, which may in turn affected the osteoclas-

tic bone resorption activitiy.

Bone marrow MSCs are skeletal stem cells that give rise

to osteoblastic lineage of cells.23 We next examined

whether LRP6 deletion in osteoblasts affects the number

of osterix-positive (Osx1) cells, which are osteoblast-deriv-

ing osteoprogenitors, and osteocalcin-positive (Ocn1)

mature osteoblasts, by immunohistochemical analysis. A

dramatic reduction in the numbers of Osx1 cells in second-

ary spongiosa area of femora were detected in the

mutant mice relative to WT littermates (.80% in Figure 5c

and 5d). Similarly, Ocn1 mature osteoblasts on bone sur-

face of the secondary spongiosa area of femora in

mutant mice were also dramatically reduced. Ocn1 cell

number in homozygous Lrp62/2 mice was only 18% of

those in WT mice (Figure 5g and 5h). Interestingly, the

numbers of both Osx1 cells and Ocn1 cells at the primary

spongiosa were not changed significantly relative to those

of WT littermates (Figure 5a, 5b, 5e and 5f), indicating a

primary role of LRP6 in regulating the function of MSCs dur-

ing bone remodeling. Taken together, these results, in

combination of the fact of smaller bone observed in

1-month-old mice, suggest that LRP6 is required for the

functional maintenance of bone marrow MSCs and con-

sequent bone formation in both bone growth in young

mice and bone remodeling in adults.
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Bone marrow MSCs with LRP6 deletion had reduced rate

of survival and diminished ability of proliferation and

colony forming

We examined the alterations of bone marrow nestin1

MSCs in LRP6 mutant mice. Consistent with previous

reports,23 nestin1 MSCs exhibited perivascular localization

in bone marrow detected by immunofluorescence stain-

ing (Figure 6a). By quantification of the perivascular

nestin1 MSCs, we found reduced number of the cells in

bone marrow of Lrp61/2 and Lrp62/2 mice (Figure 6b).

The same numbers MSCs isolated from bone marrow were

then seeded for a CFU-F assay. A decrease in the number

of the formed colonies of MSCs from mutant mice was

observed relative to WT mice were observed (Figure 6c).

The cells from Lrp61/2 and Lrp62/2 mice lost their small

spindle shape and turned into elongated bigger size when

the same numbers of cells were seeded for each group

and cultured for several days. Especially, the cells from

Lrp62/2 mice showed much elongated and parallel-

oriented clusters (Figure 6d). The results indicated that

the cells may have declined growth/proliferation capa-

city and/or decreased survival rate after LRP6 is deleted

from the cells. Indeed, cell growth and proliferation

detected by population doubling time (Figure 6e) and

BrdU incorporation were significantly decreased

(Figure 6f and 6g). The percentage of the dead cells

detected by typan blue staining was also increased in cells

with LRP6 deletion (Figure 6h). Collectively, the results
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suggest that the primary role of LRP6 in MSCs is to maintain

the survival and proliferative capacity of the cells.

DISCUSSION
By employing genetic deletion of Lrp6 in nestin1 MSCs,

we have established that this transmembrane protein is

crucial for bone marrow MSCs to preserve their growth

and proliferation potential, and therefore, is required for

the sufficient replenishment of osteoblasts and the main-

tenance of bone mass. The results provide new evidence

for the role of LRP6 as a positive regulator of osteoblastic

bone formation during postnatal skeletal growth and
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bone remodeling in adults. More importantly, the finding

reveals that LRP6 regulates the function of osteoblastic

lineage, at least partially, at stem cell level. The activities

of LRP6 are modulated by a large number of hormones/

growth factors that have bone anabolic effect such as

PTH,12,29–32 Wnts,1–5 bone morphogenetic proteins

(BMPs),32 platelet-derived growth factor (PDGF)33 as well

as many extracellular proteins that negatively regulates

osteoblastic bone formation including members of the

Dickkopf family34–36 and sclerostin.37–40 Our finding sug-

gests that regulation of the activities of bone marrow

MSCs may be one of the major mechanisms by which

these factors act on bone.

The normal survival of mice with MSC-specific Lrp6

deletion, contrasting with the perinatal lethality of

global Lrp6 null/null mice,2,10 suggests that LRP6 in

nestin1 MSCs is dispensible for embryonic development.

However, mice with homozygous and heterozygous LRP6

deficiency in nestin1 MSCs showed smaller size at 1 month

of age, indicating that LRP6 in nestin1 MSCs may play a

role in skeletal development. A previous report showing

that deletion of LRP6 alone specifically in the early

mesenchyme, which contain precursors for the skeletal

tissues, has little effect on embryonic skeletal develop-

ment.21 The discrepancy in phenotype between the

two types of mutants was likely due to the different distri-

bution of LRP6-deleted tissue using nestin-Cre and

Dermo1-Cre-mediated recombination. Systemic char-

acterization of the skeletal changes at different stages

of embryonic development is necessary to delineate
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whether LRP6 in nestin1 MSCs is required for embryonic

skeletal development.

The phenotype of mice with MSC-specific LRP6 deletion

is different from that of osteocalcin promoter-driven

osteoblast-specific LRP6 knockout mice, which show

unchanged body weight and femur length.12 The two dif-

ferent phenotypes indicate that LRP6 in MSCs is important

in the preservation of bone acquisition during postnatal

skeletal growth and modeling, whereas LRP6 in mature

osteoblasts primarily promotes bone formation during

bone remodeling without affecting bone growth. Our

data from the 3-month-old mutant mice also indicates

that LRP6 in MSCs regulates osteoblastogenesis and bone

formation during bone remodeling. Low bone mass and

reduced osteoblast numbers in bone tissue were observed

in 3-month-old mutant mice. Importantly, the reductions in

osteoprogenitors and osteoblasts in bone tissue of mutant

mice were much more dramatic at the active bone remo-

deling area, i.e., secondary spongiosa area vs. primary

spongiosa area. Thus, MSC-specific LRP6 plays an import-

ant role in bone formation not only during bone growth in

young mice, but also in bone remodeling in adults.

Bone formation in both skeletal growth/modeling and

remodeling relies on the number and function of bone-

forming osteoblasts. In fact, bone surface osteoblasts are

non-replicative cells and require replenishment from bone

marrow-derived MSCs,20 suggesting that osteoblastic new

bone formation depends on the activity of MSCs. Our in

vitro finding that isolated MSCs from LRP6-deficient mice

had decreased CFU-Fs and cell proliferation and pro-

longed population doubling time suggests that LRP6 is

essential to preserve the growth/proliferation capacity of

bone marrow MSCs, eventually leading to decreased

osteoblast number and consequent bone formation. We

realize that the nestin promoter-driven Cre may also

delete LRP6 in neural stem cells/progenitor cells as nestin

was originally described as a neuronal stem cell marker

expressed during central nervous system develop-

ment.41–43 LRP6 null mice display a delay in the onset of

dopamin precursor differentiation a defect in midbrain

morphogenesis44 and human LRP6 mutation is associated

with late-onset Alzheimer’s disease.45 However, whether

nestin1 cell-specific LRP6 deletion causes severe brain

abnormalities and whether the changes of brain indirectly

impact on skeleton are to be characterized. In the present

study, the significantly altered functions of bone marrow

MSCs from the mutant mice in the in vitro culture experi-

ments strongly suggest that the functional decline of bone

marrow MSCs after LRP6 deletion contributes directly to

the skeletal defects in the mutant mice. Future character-

ization of the bone phenotype of mice with MSC-specific

LRP6 deletion in an inducible nestin-Cre system may

help to limit the potential involvement of the neural stem

cells/progenitor cells and further define the role of MSC-

specific LRP6 in bone.

Our results also show decreased osteoclast numbers

and activity in bone tissue of 3-month-old mutant mice. It

is most likely that the decreased osteoclastogenesis in

these mutant mice is a secondary effect that is caused

by the osteoblastic bone formation changes. The fact that

significantly reduced serum osteoblast marker osteocalcin

and unchanged serum osteoclast marker CTX-1 further

supports this concept. To maintain bone mass and bone

quality, osteoclast bone resorption is tightly coupled with

osteoblastic bone formation during bone remodeling,

which requires a fine regulation by humoral factors or

molecules mediating the communication among these

two types of bone cells. Therefore, the dramatically

reduced osteoblast numbers and activity may change

the production of the communication factor(s) to suppress

osteoclast activity. Specifically, LRP6 deficiency may

cause inactivation of b-catenin signaling in osteoblastic

lineage of cells, leading to reduced Receptor activator

of nuclear factor kappa-B ligand (RANKL) production

and inhibited osteoclastogenesis. Additional studies

would be required to test this idea more definitively.

In conclusion, our studies demonstrate that LRP6 in bone

marrow MSCs is required for their survival and proliferative

potential as well as the consequent osteoblastic bone

formation during both postnatal bone growth/modeling

and bone remodeling in adults.
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