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Abstract

N-cadherin inhibits osteogenic cell differentiation and canonical Wnt/β-catenin signaling in vitro. 

However, in vivo both conditional Cdh2 ablation and overexpression in osteoblasts lead to low 

bone mass. We tested the hypothesis that N-cadherin has different effects on osteolineage cells 

depending upon their differentiation stage. Embryonic conditional osteolineage Cdh2 deletion in 

mice results in defective growth, low bone mass and reduced osteoprogenitor number. These 

abnormalities are prevented by delaying Cdh2 ablation until 1 month of age, thus targeting only 

committed and mature osteoblasts, suggesting they are the consequence of N-cadherin deficiency 

in osteoprogenitors. Indeed, diaphyseal trabecularization actually increases when Cdh2 is ablated 

postnatally. The sclerostin-insensitive Lrp5A214V mutant, associated with high bone mass, does not 

rescue the growth defect, but it overrides the low bone mass of embryonically Cdh2 deleted mice, 

suggesting N-cadherin interacts with Wnt signaling to control bone mass. Finally, bone accrual 

and β-catenin accumulation after administration of an anti-Dkk1 antibody are enhanced in N-

cadherin deficient mice. Thus, while lack of N-cadherin in embryonic and perinatal age is 

detrimental to bone growth and bone accrual, in adult mice loss of N-cadherin in osteolineage cells 
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favors bone formation. Hence, N-cadherin inhibition may widen the therapeutic window of 

osteoanabolic agents.

Introduction

Osteoporosis and consequent fragility fractures affect millions of people and represent an 

increasing burden for the health care system (1–3). Pharmacologic agents that inhibit bone 

resorption significantly reduce bone loss and facture risk (4), but they cannot restore normal 

bone mass (1). The Wnt signaling system, a key regulator of morphogenesis and tissue 

renewal (5), is the target of new osteo-anabolic agents (6,7). The relevance of Wnt signaling to 

bone mass homeostasis is underscored by the high bone mass in sclerosteosis or Van 

Buchem disease, both caused by loss-of-function mutations of SOST, the gene encoding the 

Wnt inhibitor sclerostin (8). Likewise, mutations that render the Wnt co-receptor LRP5 
insensitive to sclerostin and/or Dkk1, another Wnt inhibitor, cause high bone mass (6). By 

constrast, LRP5 loss-of function mutations result in osteoporosis pseudoglioma 

syndrome (9). Accordingly, antibodies neutralizing sclerostin or Dkk1 have been 

successfully used to increase bone mass in experimental models (6,10); and human antibodies 

against sclerostin are currently in phase III trials (11). Nonetheless, there are still some 

unresolved issues about the mechanisms by which Wnt signaling activation alters bone 

remodeling, and how such modulatory actions can be used to achieve and optimize bone 

anabolism.

Cadherins are single chain integral membrane glycoproteins that mediate calcium-dependent 

cell-cell adhesion at adherens junctions (12,13). The cytoplasmic tail is highly conserved 

among cadherins and binds β-catenin and plakoglobin, which link cadherin molecules to the 

actin cytoskeleton via α-catenin. Such interaction modulates the strength of the adhesion 

complex (14). A growing body of evidence shows that in addition to their adhesive function 

cadherins interfere with Wnt signaling (13,15–17). For example, N-cadherin binds to Lrp5/6 

via axin, thus subtracting these co-receptors from Wnt signaling and favoring β-catenin 

degradation (16). Accordingly, mice overexpressing N-cadherin in osteoblasts have low bone 

mass (16). Indeed, our group reported that genetic ablation of the N-cadherin gene (Cdh2) in 

osteolineage cells enhances in vivo the bone anabolic response to intermittent parathyroid 

hormone (PTH) administration, an effect related to accentuated PKA-dependent β-catenin 

activation by PTH (18). These results imply that N-cadherin restrains Wnt signaling in bone 

cells. However, our and others’s work has also shown that either dominant negative 

disruption of cadherin function or Cdh2 ablation in mice leads to low peak bone mass and 

osteopenia (19–21). Intriguingly, the number of bone marrow stromal cells that have 

osteogenic capacity is decreased in Cdh2 haploinsufficient or conditionally Cdh2 ablated 

mice (20), pointing to a positive role of N-cadherin in the early phases of osteogenic 

development.

In this work, we tested the hypothesis that N-cadherin has a dual action in the osteolineage; 

it maintains the pool of osteoprogenitor and stem cells but it restrains differentiation and/or 

function of committed or mature osteoblasts via negative interference with Wnt signaling. 

We show that while embryonic Cdh2 deletion in mice results in defective growth, low bone 
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mass and reduced osteoprogenitor number, such abnormalities are prevented by delaying 

Cdh2 ablation until 1 month of age, when only committed and mature osteoblasts are 

targeted, suggesting they are the consequence of N-cadherin deficiency in the developing 

skeleton. On the other hand, a gain-of-function Lrp5 mutant overrides the low bone mass of 

osteolineage-specific Cdh2 deficient mice, but does not rescue the early growth defect. 

Finally, we find that N-cadherin deficient mice are hyper-responsive to anabolic signals 

induced by administration of an anti-Dkk1 antibody. These results explain the seeming 

paradox that both Cdh2 deletion and overexpression result in low bone mass, and provide in 

vivo evidence in support of N-cadherin targeting to expand the anabolic window of Wnt 

signaling activators.

Materials and Methods

Animals

All the mouse models used here have been previously described. The tetracycline-responsive 

B6.Cg-Tg(Sp7-tTA,tetO-EGFP/cre)1Amc/J (Jackson laboratories) mice (Osx-Cre) were 

used to induce constitutive or delayed gene recombination. Osx-Cre mice were mated with 

Cdh2flox/flox (Cdh2F/F) mice (22) to generate Cdh2F/F::Osx-Cre mice (cKO-Osx), as 

previously described (18,21). The reporter mice B6.Cg-Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J (Ai9), was purchased from Jackson Laboratories. Transgenic mice 

expressing Cre under the control of the 2.3-kb proximal fragment of the α1(I)-collagen 
promoter (Col1A1) (23) were crossed with Cdh2F/F mice to generate 2.3Col1A1-
Cre::Cdh2F/F (cKO-Col1A1) (20). Similarly, Cdh2F/F were crossed to Prx1-Cre, kindly 

provided by Dr. David M. Ornitz (Washington University), to generate Prx1-Cre::Cdh2F/F 

(cKO-Prx1) (24). Mice with a germline Lrp5A214V mutant allele (a generous gift from Dr. 

Matthew L. Warman, Harvard University), which renders the co-receptor resistant to 

Dkk1and sclerostin inhibition and is associated with high bone mass (25), were bred with 

Osx-Cre and Cdh2F/F mice to generate mice in which Cdh2 was conditionally deleted while 

one allele of Lrp5A214V was globally expressed (cKO-Osx;Lrp5A214V/+). Unless otherwise 

indicated, Cdh2F/F littermates were used as controls. Genotyping was performed by PCR on 

genomic DNA extracted from mouse tails using the HotSHOT method. Primers to detect 

Cdh2F (20), 2.3Col1A1-Cre (26), Osx-Cre (18), and Lrp5A214V (25) alleles have been described 

previously. Mice were fed an ad libitum regular chow (PicoLab Rodent Diet 20, 5053; 

TestDiet/LabDiet, St. Louis, MO) and housed in cages containing 2–5 animals each, in a 

room maintained at constant 25°C on a 12-hour light/dark cycle. In some experiments, a 

chow containing doxycycline (Doxy; 200 ppm) was used (Modified LabDiet 5058, 5BFB). 

All procedures were approved by the Animal Studies Committee of Washington University.

Reagents

Rat monoclonal anti-mouse Dkk1 neutralizing antibody (αDkk1; clone 11H10) was a kind 

gift of Dr. William Richards, Amgen, Inc. (Thousand Oaks, CA). αDkk1 was prepared in 

sterile saline and administered at 20 mg/kg/day via i.p. injections, 3 times a week for 4 

weeks. Antibodies for immunoblotting were purchased from commercial sources, 

specifically: β-actin (Sigma-Aldrich, St. Louis, MO; cat# A5316), and N-cadherin (BD 

Biosciences, Franklin Lakes, NJ, USA; cat# 610920).
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Calvaria organ cultures

Sagittal halves of neonatal mouse calvaria were cultured for nine days in basic media (no 

FBS) plus osteogenic cocktail in the presence or the absence of 100 or 200 ng/ml αDkk1. 

New bone tissue was labeled on day 10 by labeling overnight with 20 μM xylenol orange in 

culture media. Images of Ai9/Osx-cre parietal bones were acquired on day 0 of ex-vivo 
organ culture in basic media as phase contrast and red fluorescence, and then merged in 

ImageJ software (National Institutes of Health, USA).

Bone imaging and microstructure

For ex-vivo imaging, dissected bones were fixed in 10% buffered formalin and kept in 70% 

ethanol. Digital contact radiographs were taken using a Faxitron UltraFocus100 scanner 

(Faxitron Bioptics, LLC Tucson, AZ, USA). Tibial length was measured in blind using the 

instrument’s acquisition software (Vision Version 2.3.1, Faxitron). For in vivo analysis of 

bone microstructure and mineralization, animals were subjected to in vivo scanning using μ-

CT (VIVA CT40, Scanco Medical, AG, Switzerland) and previously described 

parameters (27). Microstructural analysis of cancellous and cortical bone was also as 

described (27,28). For ex-vivo μCT analysis, tiabiae or femurs were frozen until use, then 

placed in 2% agarose gel and scanned using a μCT system (μCT- 40, Scanco Medical) as 

previously described (20,21). Diaphyseal trabecularization was measured in scans of whole 

tibiae as the distance between the proximal growth plate and the most distal trabeculae, 

normalized to diaphyseal length (distance between growth plates).

Flow cytometry

Whole bones (tibia, femur and pelvis) of 3-week-old pups were smashed in PBS, digested 

with 1.67 mg/ml of type II collagenase (Worthington Biochemical, Lakewood, NJ, USA) in 

phosphate-buffered saline (PBS) for 12 min at 37°C and filtered. Samples were tested for 

viability, and stained for CD45 (BD-Bioscience, clone: 30-F11), Ter119 (BD, clone: 

TER-119), CD31 (BD, clone: 390), PDGFRβ (eBioscience, clone: APB5), and Sca-1 (BD, 

clone: D7), using previously described protocols (29). About 106 events per sample were 

acquired with a FACSscan cytometer, and analyzed with FlowJo 10.0.7 software (TreeStar/

FlowJo LLC, Ashland, OR, USA). In the CD45− Ter119− CD31− gated cells, PDGFRβ+ 

Sca-1+ (PβS) cells were considered to be enriched in mesenchymal stem and precursor cells 

(MSPC). Although PDGFRα is more commonly used as a marker of MSPC (30), PDGFRβ 
expression largely overlaps with PDGFRα (Link et al. unpublished observations), and the 

anti-PDGFRβ we use has better sensitivity and specificity than anti-PDGFα antibodies.

Bone histology and histomorphometric analysis

Bone samples were prepared as previously described (28). For dynamic histomorphometry, 

mice were injected with calcein (15 mg/kg i.p., Sigma-Aldrich) 7 and 3 days before 

euthanasia to label mineralizing fronts. Undecalcified long bones were embedded in methyl 

methacrylate and 4 μm thick longitudinal sections of the whole bone were cut and left 

unstained for assessment of calcein fluorescence. Quantitative histomorphometry was 

performed using a commercial software (OSTEO II, Bioquant, Nashville, TN, USA), and 

standard parameters of bone remodeling were determined according to the American Society 
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for Bone and Mineral Research guidelines (31). Representative images of the femoral 

metaphysis were acquired at 40× magnification with an Axiovert S100 fluorescent 

microscope (Zeiss, Jena, Germany).

Cell culture

Bone marrow stromal cells were obtained by flushing bone marrow from long bones as 

previously described (20,32), filtering the re-suspended marrow with a 70μm cell strainer, and 

diluting in culture media containing ascorbic acid-free α-MEM (Invitrogen) with 40 mM L-

glutamine, 100 U/ml penicillin-G, 2.5 μg/mL amphotericin B, 100 mg/ml streptomycin, and 

15% FBS (culture media). Cell cultures were incubated at 37°C in a humidified atmosphere 

with 5% CO2, and culture media replaced every 3–5 days. To determine the number of 

colony forming units - fibroblasts (CFU-F), serial dilutions of bone marrow cells were 

cultured in culture media for 15–20 days, fixed in ethanol, and stained with Giemsa as 

previously described (33). For osteogenic differentiation, cells were cultured for 21–28 days 

in an osteogenic cocktail (50 μg/ml ascorbic acid and 10 μM β-glycerophosphate) (33), and 

stained for alkaline phosphatase using the Leukocyte Alkaline Phosphatase kit (Sigma) or 

alizarin red (0.4% after fixation in ethanol 70%) as previously described (32,33). Alkaline 

phosphatase or Giemsa positive colonies were counted at low magnification by a blinded 

observer for assessment of CFU-alkaline phosphatase (CFU-AP). Alizarin stained areas in 

each well were quantified in scanned images using ImageJ. For biochemical assays, 5×105 

bone marrow stromal cells were cultured for 5 days in media with osteogenic cocktail, then 

mechanically harvested in ice-cold PBS (20,32).

Biochemical markers of bone turnover

Serum was obtained from mice that had been deprived of food and water for 6 hours before 

sacrifice. As a marker of bone formation, serum levels of N-terminal pro-peptide of human 

pro-collagen type I (P1NP) were determined with Rat/Mouse P1NP EIA (Immunodiagnostic 

Systems, The Boldons, UK; Cat. AC-33F1), as previously detailed (28). Procedures and data 

analyses were performed per manufacturer’s instructions.

Western blots

Following previously detailed methods (18,34), cell extracts were lysed in RIPA buffer (50 

mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxychlate, 

0.1% SDS) with protease/phosphatase inhibitors (Thermo Scientific, Waltham, MA, USA; 

cat# 78443), sonicated and centrifuged at 12,000g for 10 minutes. Total protein 

concentration was determined with the DC™ (detergent compatible) protein assay kit 

(BioRad, Hercules, CA, USA; cat# #500-0113, #500-00114, and #500-00115). For western 

blot analysis, a total of 5 μg of total protein was loaded on 10% acrylamide gels and 

separated by SDS-PAGE electrophoresis, then transferred to Immobilon membranes 

(Milipore, Billerica, MA, USA; cat# IPVH00010). Antigen-antibody complexes were 

visualized by incubation of the blots in a dilution of horseradish peroxidase-conjugated 

antibodies and ECL detection system (Millipore).
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Statistics

For in vivo animal experiments, power analysis revealed that an n=8 was sufficient to detect 

20% difference in volumetric bone volume/total volume by μCT (the main outcome 

variable) at 80% power and p=0.05 significance level. Lower sample sizes are reported in 

some circumstances because of problems with sample processing, or animal attrition during 

the observation period. In vivo experiments on adult animals were performed on both 

genders and analyzed separately, as indicated. Data from pups (aged <1 month) of both 

genders were pooled. Group means were analyzed by either Student’s t test or analysis of 

variance (ANOVA) followed by post hoc analysis for multiple group comparisons using 

either Dunnett or Bonferroni tests. For samples with unequal variances or with numerical 

values =0, the non-parametric Wilcoxon rank test was used. Analyses were performed using 

SigmaPlot Vs11.0 (Systat, San Jose, CA, USA) or Prism 5 (GraphPad Software, Inc., La 

Jolla, CA, USA). Data are expressed as mean ± standard deviation.

Results

Embryonic but not postnatal Cdh2 ablation causes stunted growth and low bone mass

We have previously shown that mice with Cdh2 ablation in the osteogenic lineage driven by 

either the 2.3kbCol1A1 or Osx promoters have low bone mass and smaller bones (20,21). 

Consistently, Osx-cKO pups are smaller than Cdh2F/F littermates (Fig. 1A). The small body 

frame is present at birth, and remains evident during the first month of life resulting in short 

nose-tail length (Fig. 1B), short tibiae (Fig. S1A, B) and femurs (Fig. 1C), and significantly 

reduced body weight (20–29%), relative to Cdh2F/F littermates (Fig. 1D). While aging these 

attenuates differences, cKO-Osx mice remain smaller than normal throughout their life (not 

shown). Although Osx is expressed in committed and differentiated osteoblasts, during 

embryonic and early post-natal life Osx-Cre also targets cells with definitive stem cell 

capacity (35). We leveraged the tetracycline-responsive element in the Osx-Cre transgene to 

delay Cre activation and Cdh2 ablation until after birth. To validate the system, we first 

crossed Osx-Cre to Ai9 reporter mice (Ai9:Osx-Cre). A large proportion of cells (osteocytes 

or osteoblasts) in 2-month old cKO-Osx mice calvaria display red (TdT+) fluorescence (Fig. 

S1C). By contrast, very few osteocytes are TdT+ in calvaria from pups kept on Doxy. 

However, in 2-month-old Ai9:Osx-Cre mice kept on Doxy until weaning (about P28), and 

then taken off Doxy to allow Cre activation, most calvaria cells are TdT+; very similar to 

mice that continuously expressed Osx-Cre (Fig. S1C). Likewise, flow cytometry of bone 

marrow cells reveals very few TdT+ cells in Doxy-treated Ai9:Osx-Cre mice, while a 

significantly higher number is evident 1 month after Doxy withdrawal (Fig. S1D). 

Therefore, Doxy suppression of Osx-Cre until weaning prevents gene recombination, which 

efficiently occurs after antibiotic withdrawal, as previously published (35). In cKO-Osx mice 

this is associated with detection of the Cdh2 recombined allele in the calvaria of 2-month-

old mice treated with Doxy until 1 month of age (Fig. S1E). Doxy-treated 10-day-old cKO-
Osx pups are the same length as Cdh2F/F littermates, as opposed to significantly smaller 

cKO-Osx mice from dams fed a regular chow (Fig. 1E). Tibial morphology (S1F) and body 

weight of Doxy-treated cKO-Osx pups (S1G) are also indistinguishable from Cdh2F/F 

littermates or non-Doxy treated Cdh2F/F mice. Importantly, despite effective Cdh2 ablation 

after Doxy withdrawal (see above), tibial morphology and length are normal in 3-month-old 
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Doxy-treated cKO-Osx (Fig. 1F, G); body weight is also normal in adult Doxy-treated cKO-
Osx mice, whereas non-Doxy treated cKO-Osx mice are smaller than Cdh2F/F mice (Fig. 

1H). Thus, Cdh2 ablation after 1 month of age does not cause the growth defect that is 

consistently observed upon Cdh2 deletion in the embryonic and perinatal period.

We have previously reported that cKO-Osx mice have low bone mass (18,21); however, 2-

month-old cKO-Osx mice treated with Doxy until 1 month of age have normal trabecular 

bone structure (Fig. 2A), trabecular bone volume (BV/TV, Fig. 2B) and bone mineral 

density (BMD) by μCT (Fig. S2A), compared to Cdh2F/F littermates. In fact, the extent of 

trabeculation in the metaphysis and diaphysis of the tibia is significantly greater in Doxy-

treated cKO-Osx than in Doxy-treated Cdh2F/F mice (Fig. 2C). Furthermore, while cKO-
Osx mice have smaller and thinner cortices (20,21), cortical BMD and thickness are normal in 

Doxy-treated cKO-Osx mice (Fig. S2B, C), Of note, transient low body weight and delayed 

cortical bone development have been observed in very young Osx-Cre mice, but these 

abnormalities resolve by 12 weeks of age (36), whereas low body weight, growth defect and 

osteopenia persisted at least up to 4 months of age in cKO-Osx mice. Therefore, it is 

unlikely that the observed phenotype be substantially affected by the Osx-Cre transgene 

itself.

To corroborate the notion that osteopenia in Cdh2 ablated mice is related to a defect in 

osteogenic precursors, we used Prx1-Cre to inactivate Cdh2 (cKO-Prx1) in mesenchymal 

precursors. Validating the system, no N-cadherin specific immunofluorescence staining is 

present in sections of cortical and trabecular limb bone of cKO-Prx1 mice (Fig. S2D). 

Furthermore, N-cadherin protein is absent in bone marrow stromal cells of cKO-Prx1 kept in 

osteogenic medium, whereas in Cdh2F/F mice N-cadherin is present during the first week of 

culture, and is down-regulated after 3–4 weeks in culture (18) (Fig. S2E). Although cKO-
Prx1 mice have normal body weight (Fig. S2F), possibly because of a more restricted field 

of expression of Prx1 relative to Osx(37), they have significantly decreased BV/TV (Fig. 2D) 

and bone mineral density (BMD) by μCT (Fig. S2G). Accordingly, trabecular number is 

decreased (Fig. 2E) in cKO-Prx1 mice, whereas trabecular thickness is normal (Fig. S2H), 

and trabecular spacing is increased (Fig. S2I). Total cortical area at the tibial mid-shaft is 

slightly but not significantly lower in cKO-Prx1 mice (Fig. 2F). Only males were used in 

these experiments.

Cdh2 ablation early in the osteolineage results in low MSPC number

We have previously reported a reduced number of CFU-O in both Cdh2 
haploinsufficient (38) and CKO-Col1A1 mice (20). Corroborating this premise, the number of 

PβS cells, which have immunophenotypic features of mesenchymal stem cells (21,35), is 

lower in the bone marrow of 3-week-old cKO-Osx mice relative to Cdh2F/F mice (Fig. 3A, 

B). Accordingly, CFU-F, representing the number of mesenchymal precursors, and CFU-AP, 

representing chondro-osteogenic precursors, are significantly (about 80%) reduced in cKO-
Osx relative to Cdh2F/F mice (Fig. 3C, D). Importantly, there is no significant difference in 

CFU-F between Doxy-treated cKO-Osx and Cdh2F/F mice 1 month after Doxy withdrawal 

(Fig. 3E, F), suggesting that loss of colony formation capacity is due to a cell autonomous 

defect in N-cadherin deficient mice. The mineralization capacity of bone marrow stromal 
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cells from Doxy-treated cKO-Osx mice is also non-inferior compared to Doxy-treated 

Cdh2F/F mice (Fig. 3F, G). Therefore, delaying Cdh2 deletion until adult age prevents not 

only the low body weight and bone mass phenotype, but also the osteoprogenitor 

abnormality, suggesting that these actions of N-cadherin action occur on embryonic and/or 

perinatal MSPC, rather than adult osteoblasts.

The gain-of-function Lrp5A214V mutant fully rescues the low bone mass but not the growth 
defect of cKO-Osx mice

We and others have shown that N-cadherin inhibits the differentiation of committed 

osteogenic cells (20,39), and prevents the osteoanabolic effect of PTH via interference with 

Lrp6 signaling (18). We used a genetic approach to directly test, in vivo, whether N-cadherin 

interferes with Lrp5/6 signaling by crossing cKO-Osx and Lrp5A214V/+ mice. At 2 months 

of age, body weight is lower in both cKO-Osx and the compound cKO-Osx;Lrp5A214V/+ 

mutants, relative to either Cdh2F/F or Lrp5A214V/+ groups (Fig. 4A). Likewise, the length of 

tibial diaphysis is lower in cKO-Osx vs. Cdh2F/F, and in cKO-Osx; Lrp5A214V/+ vs. 

Lrp5A214V/+ (Fig. 4B). However, 2-month-old cKO-Osx mice have lower BV/TV (Fig. 4C) 

and volumetric BMD relative to Cdh2F/F mice (Fig. 4D). As expected, BV/TV is 

significantly higher (almost 2-fold) in Lrp5A214V/+ relative to Cdh2F/F mice; importantly, in 

double cKO-Osx; Lrp5A214V/+ mutant mice BV/TV is not only higher than in Cdh2F/F mice, 

but it is almost 4-fold higher than in cKO-Osx mice (Fig. 4C). Volumetric BMD follows the 

same pattern (Fig. 4D). Lower bone mass in cKO-Osx mice is associated with lower 

trabecular number and higher trabecular spacing, with a trend towards lower trabecular 

thickness (Fig. S3A-C). On the other hand, the higher bone mass in Lrp5A214V/+ and double 

mutant mice is associated with increased trabecular thickness, but no changes in trabecular 

number or spacing relative to Cdh2F/F mice (Fig. S3A-C). Cortical thickness is significantly 

increased in both Lrp5A214V/+ and double mutants (Fig. 4E), with no changes in cross-

sectional area or marrow area (Fig. S3D, E). Serum P1NP, a marker of bone formation, is 

higher in both Lrp5A214V/+ groups, although the difference reaches statistical significance 

only in cKO-Osx; Lrp5A214V/+ relative to Cdh2F/F and cKO-Osx mice (Fig. 4F). Dynamic 

histomorphometry shows significantly lower bone formation rate in cKO-Osx vs. Cdh2F/F 

mice (Fig. 4G); whereas mineralizing surfaces and mineral apposition rates are not different 

among groups (Fig. S3F, G). Notably, there is no double labelled surfaces in 75% of cKO-
Osx mice, while cKO-Osx; Lrp5A214V/+ bones exhibit distinct double calcein labeling (Fig. 

4H). Thus, constitutive activation of Lrp5 signaling overrides the low bone mass phenotype 

of N-cadherin deficiency, but does not prevent the early growth defect.

Cdh2 ablation in osteoblasts enhances trabecular bone accrual in response to anti-Dkk1 
antibody administration

Having shown that N-cadherin action on bone mass acquisition is, at least in part, dependent 

on Wnt signaling, we next asked whether Cdh2 ablation in bone forming cells enhances the 

osteoanabolic response to acute, pharmacological activation of Wnt signaling, as it would be 

predicted by N-cadherin’s inhibitory effect on Lrp5/6 (16,40). To this end, we systemically 

administered a neutralizing αDkk1-antibody, which we have shown to increase bone mass in 

mice (10). To verify that the antibody directly acts on bone cells in a dose-dependent manner, 

we isolated and cultured wild type mouse calvaria in the presence of different doses of 
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αDkk1 for 7 days, and observed abundant new bone deposition, visualized by xylenol 

orange stain, and increased calvaria thickness (Fig. S4A). In vivo, administration of 5 mg/kg 

αDkk1 for 4 weeks increases BV/TV in cKO-Col1A1 relative to vehicle-treated CKO-
Col1A1 mice, which are osteopenic (20), but not in Cdh2F/F mice (Fig. 5A). On the other 

hand, comparable responses between the two genotypes are achieved with a higher dose (20 

mg/kg) of the antibody (Fig. 5A). Accordingly, the higher dose of αDkk1 induces a 

significant increase in trabecular number (Fig. 5B), and a decrease in trabecular spacing only 

in cKO-Col1A1 mice (Fig. 5C); while no significant changes are observed in trabecular 

thickness (Fig. 5D). The effects of high dose αDkk1 follow similar trends, but are non-

significant in Cdh2F/F mice. No significant changes in cortical parameters, including total 

cortical and marrow area are noted after αDkk1 treatment in either genotype (Fig. S4B, C). 

Data are shown for male mice, but similar results were obtained in females.

Discussion

This work demonstrates that N-cadherin has a dual action in the osteolineage; it maintains 

the pool of osteoprogenitor cells but it restrains differentiation and/or function of committed 

and mature osteoblasts via negative interference with Wnt signaling. Our results provide an 

explanation to the paradox that both genetic ablation and overexpression of Cdh2 result in 

low bone mass (18,20), and set the stage for a more accurate targeting of N-cadherin to 

achieve bone anabolic effects via Wnt signaling modulation.

Evidence has accumulated indicating that in committed osteogenic cells N-cadherin is an 

inhibitor of osteogenic differentiation and bone formation. In vitro, N-cadherin abundance 

decreases during osteoblast differentiation (18,20), which is instead enhanced in conditionally 

Cdh2 ablated and haploinsufficient cells (20,38); and inhibits expression of osteogenic target 

genes, thus hindering osteoblast proliferation and survival (15,16,41). Accordingly, transgenic 

expression of Cdh2 in differentiated osteoblasts interferes with bone formation resulting in 

low bone mass (16). On the other hand, using different genetic models of conditional Cdh2 
ablation in osteogenic cells and dominant negative interference with N-cadherin function we 

have consistently observed reduced bone mass (19–21), and shorter, smaller long bones (20). 

This study provides a mechanistic explanation to the apparent paradox; while bone mass is 

decreased and growth stunted when Cdh2 is constitutively ablated by Osx-Cre – which 

targets osteoblasts and a subset of bone marrow stromal cells with MSPC features during 

embryogenesis and perinatal life (35) – such phenotype is prevented by delaying Osx-Cre 
activation until 4 weeks of life, when Osx-Cre only targets committed osteogenic cells. 

Therefore, the low bone mass and stunted growth is the consequence of loss of N-cadherin 

action on osteoprogenitors during embryogenesis or perinatal life. In support of this notion, 

we also show that cKO-Osx mice have fewer bone marrow PβS cells and reduced colony 

forming capacity in vitro, an abnormality that is also prevented by delaying Cdh2 ablation 

postnatally. Indeed, we had observed reduced osteoprogenitor number in Cdh2 
haploinsufficient (38) and cKO-Col1A1 mice (20); and abnormalities of MSPC number and/or 

lineage allocation had also been reported upon dominant negative interference with 

osteoblast N-cadherin (19). Thus, N-cadherin is involved in maintaining the pool of MSPC in 

the embryonic and perinatal period; loss of Cdh2 leads to reduced MSPC and osteogenic 

(and possibly chondrogenic) cells, in turn resulting in stunted growth and low bone mass. 
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Therefore, the action of N-cadherin on MSPC, where it contributes to their maintenance, is 

distinct from its action on committed osteogenic cells, where it inhibits their function.

The concept that N-cadherin abundance must be kept at an appropriate level to maintain 

MSPC number and allow their differentiation had emerged from earlier in vitro data. During 

early stages of endochondral bone formation, high expression of N-cadherin favors 

embryonic mesenchymal micromass condensation (42,43), but N-cadherin must be down-

regulated after condensation to allow chondrogenic differentiation to proceed (44). In fact, a 

defect in chondrogenesis may explain, at least in part, the stunted longitudinal bone growth 

in cKO-Osx. The mechanisms by which N-cadherin controls MSPC number remains to be 

determined. N-cadherin inhibits Wnt/β-catenin signaling; accordingly, lack of N-cadherin 

enhances Wnt signaling responses, in vitro and in vivo (16,18). Inhibition of Wnt signaling 

decreases mesenchymal stem cells survival and osteo- and chondrogenic differentiation (45); 

thus, hyper-activation of Wnt signals in N-cadherin deficient MSPC may interfere with self-

renewal and/or accelerate differentiation thus causing MSPC exhaustion. Alternatively, loss 

of N-cadherin adhesive function may contribute to MSPC loss in Cdh2 deficient mice; N-

cadherin-mediated cell-cell adhesion enhances expression of VCAM-1 and PDGFRβ, a 

marker of MSPC, and decreases cell motility and proliferation (46). In any case, loss of 

MSPC in embryonic/perinatal life is likely the cause of low bone mass in conditionally Cdh2 
ablated mice, since both can be prevented by delaying Cdh2 inactivation until 1 month of 

age.

The inhibitory function of N-cadherin on Wnt signaling, amply proven in vitro (15,16,18), 

would predict that N-cadherin deficiency in bone forming cells enhances the osteo-anabolic 

effect of Wnt activators in vivo. This prediction is fully borne out by our results showing that 

cKO-Col1A1 mice exhibit increased sensitivity to pharmacologic Wnt activation, in that 

they accumulate bone mass after treatment with a dose of the αDkk1 antibody that is not 

effective in wild type mice. Furthermore, the Dkk1-resistant and sclerostin-insensitive 

Lrp5A214V mutant fully overrides the low bone mass phenotype of cKO-Osx mice, 

suggesting that Lrp5 signaling is dominant and that N-cadherin interacts with Wnt signaling 

in modulating bone mass. If N-cadherin acted independently of Wnt signaling, we would 

have expected bone mass in the cKO-Osx; Lrp5A214V/+ double mutants be intermediate 

between that of Lrp5A214V/+ and cKO-Osx mice. Reflecting enhanced osteogenic Wnt 

signaling response, circulating P1NP levels were higher in the double mutants relative to 

Lrp5A214V/+ mice.

Our study also demonstrates for the first time in vivo that lack of N-cadherin in mature 

osteolineage cells leads to increased trebecular bone, thus corroborating the in vitro evidence 

that N-cadherin is a negative regulator of osteoblast function (15,38). Consistent with this 

notion, cKO-Col1A1 mice exhibit large bone gains in response to doses of systemically 

administered αDkk1 that are ineffective in non-deleted mice. The finding that postnatal 

Cdh2 ablation does not cause osteopenia, but rather increases long bone trabeculation also 

implies that the two actions of N-cadherin, support of MSPC and inhibition of osteoblast 

function, are separable. This premise is further supported by the failure of the Lrp5A214V 

mutant to rescue the growth defect, while it fully rescues the low bone mass of cKO-Osx 
mice. Consistently, others have shown that transgenic overexpression of Cdh2 in mature 
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osteoblasts causes osteopenia, but has no effect on early stages of skeletal growth (41). Thus, 

through pharmacologic and genetic approaches, our results provide in vivo proof that N-

cadherin restrains osteo-anabolic Wnt signals. Hence, inhibition of N-cadherin might be 

used to amplify the anabolic action of Wnt activators without negative effects on bone 

accrual and growth; low bone mass, decreased MSPC numbers and stunted growth are 

derived from Cdh2 inactivation in the embryonic/perinatal period.

Anti-sclerostin antibodies have been developed as anabolic agents for osteoporosis; among 

those antibodies, romosozumab has completed phase III trials and demonstrated 

effectiveness in increasing bone mass (11,47). However, while romosozumab rapidly 

uncouples bone formation and resorption in a positive fashion, bone turnover recouples 

within 6 months of therapy and resets below baseline after one year of treatment (11). 

Increased circulating levels of sclerostin and Dkk1 have been reported in coincidence with 

reversal of bone formation rates following administration of other anti-sclerotin antibodies in 

humans (48) and ovariectomized rats (49), probably reflecting a homeostatic adaptation to 

Wnt activation caused by sclerostin neutralization. In this context, the possibility of 

modulating the sensitivity of osteogenic cells to Wnt activators by interfering with N-

cadherin could be used to prolong anabolic responses to Wnt activators, similar to what we 

have shown for the anabolic effect of parathyroid hormone (18). Indeed, preliminary data in 

mice suggest that pharmacologic interference with N-cadherin/Lrp5/6 interaction results in 

enhanced bone formation (50).

In summary, this study shows that N-cadherin is an important regulator of the osteogenic 

lineage; it maintains the pool of osteoprogenitor cells but it restrains the function of mature 

osteoblasts via negative interference with Wnt signaling. The low bone mass resulting from 

genetic ablation of Cdh2 is likely related to a decreased number of osteogenic precursors, 

but it can be prevented by delaying Cdh2 deletion until after weaning. On the other hand, 

mice lacking N-cadherin in osteogenic cells are hyper-responsive to Wnt-dependent osteo-

anabolic signals. Our data provide a rationale for targeting N-cadherin to enhance the bone 

remodeling response to osteoanabolic agents, an action that could be useful in patients with 

low bone mass and increased fracture risk.
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Figure 1. Skeletal growth defects in cKO-Osx mice are prevented by delaying Cdh2 
recombination until 1 month of age
(A) Representative radiographs of 28-day-old Cdh2F/F and cKO-Osx littermates. (B) Nose-

to-tail length of Cdh2F/F (blue) and cKO-Osx (red) pups at ages P8-11 (grouped as P9.5, 

n=15 and 13), P13-16 (grouped as P14, n=7 and 4), or P28 (n=2 and 4). (C) Femoral 

diaphysis length in 10-day-old Cdh2F/F and cKO-Osx littermates (n=5 and 6, respectively), 

measured as distance between proximal and distal growth plate on plain ex-vivo X-Ray 

images. (D) Body weight of animals described in B. (E) Nose-to-tail length of 10-day-old 

Cdh2F/F and cKO-Osx littermates fed a regular chow (left bars) or a Doxycycline (Doxy)-

containing chow (right bars) (n=6 each). (F) Representative ex-vivo radiographs of the tibia, 
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and (G) length of tibial diaphysis measured as distance between growth plates in Doxy-

treated 2-month-old Cdh2F/F and cKO-Osx littermates (n=4, 3, respectively). (H) Body 

weight of 13–16-week-old Cdh2F/F and cKO-Osx male mice fed a regular chow (left bars) or 

Doxy-containing chow (right bars). *p<0.01 vs. Cdh2F/F, two-way ANOVA for genotype 

and time, followed by Bonferroni post-hoc test; **p<0.05 vs. Cdh2F/F, ANOVA.

Fontana et al. Page 16

J Bone Miner Res. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Delayed Cdh2 ablation prevents the low bone mass phenotype present in mice with 
embryonic Cdh2 ablation
(A) Representative μCT images of tibiae of 2-months-old, Doxycycline (Doxy)-fed, male 

Cdh2F/F and cKO-Osx mice. (B) Volumetric trabecular bone volume/total bone volume 

(BV/TV) and (C) trabecularization of the diaphysis, as percent of diaphyseal length in the 

two groups of animals. (D) Volumetric BV/TV, (E) trabecular number (Tb. N), and (F) 

cortical area at the mid-diaphysis measured by in vivo μCT in 2-month-old male Cdh2F/F 

and Cdh2Prx littermates (n=7, 8, respectively). Similar results (not shown) were observed in 

females *p<0.05 vs. Cdh2F/F, Student’s t-test.
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Figure 3. Loss of N-cadherin reduces the number of bone marrow cells with MSPC features
(A) Representative flow cytometry plots of bone marrow stromal cells from Cdh2F/F (left) 

and cKO-Osx (right) mice analyzed for Sca-1 (x-axis) and PDGFRβ (y-axis) in the CD45− 

Ter119− CD31− population. (B) Percent of CD45− Ter119− CD31− PDGFRβ + Sca-1+ 

(PβS) cells in the bone marrow of 3-week-old Cdh2F/F (blue, n=4) and cKO-Osx (red, n=8) 

littermates [p<0.05; Wilcoxon ranking test, to include samples with 0 gated events]. (C) 

Colony forming units-fibroblast (CFU-F), and (D) CFU-alkaline phosphatase (CFU-AP) in 

bone marrow cells from mice of the two genotypes, as indicated (*p<0.05; Student’s t test). 

(E) CFU-F cells in bone marrow cells from Doxycycline (Doxy)-fed (until P28) Cdh2F/F 

(n=3) and cKO-Osx (n=4) mice (p>0.10; Student’s t test). (F) Representative example of 
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alizarin red staining of bone marrow cell cultures from Doxy-treated Cdh2F/F and cKO-Osx 
mice after 3 weeks in osteogenic media, at 2 seeding densities. (G) Quantification of alizarin 

red staining as exemplified in D, in bone marrow cell cultured from Doxy-treated Cdh2F/F 

(n=2) and cKO-Osx mice (n=6), seeded at 3 different densities (each condition run in 

duplicate; p>0.10, two-way ANOVA for genotype and seeding density).
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Figure 4. The gain-of-function Lrp5A214V mutant fully rescues the low bone mass but not the 
growth defect of cKO-Osx mice
(A) Body weight of 2-month-old male Cdh2F/F and cKO-Osx (Δ/Δ) in a wild type Lrp5 
background (blue, red, respectively), compound mutant Cdh2F/F ;Lrp5A214V/+ (green), and 

cKO-Osx;Lrp5A214V/+ (orange) mice (n=6/genotype). (B) Tibial diaphysis length in 3-

month-old mice of the same genotypes (n=5–6/genotype). (C) Volumetric bone volume/

tissue volume (BV/TV), (D) trabecular bone mineral density (Tb.BMD), and (E) cortical 

thickness (Ct.Th) of the femur by μCT analysis of 3-month-old mice (n=6/genotype). (F) 

Serum levels of type I pro-collagen N-terminal propeptide (P1NP) at 2 months of age (n=3–

6/group). (G) Trabecular bone volume/bone surface (BFR/BS, n=2–4/group), and (H) 

representative fluorescence micrographs of Doxycycline-labeled undecalcified sections of 

distal femurs, showing occasional double-labels in Cdh2F/F bones, only single labels in 

cKO-Osx, but abundant double-labels in Lrp5A214V/+ and compound cKO-Osx;Lrp5A214V/+ 
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mutants. One-way ANOVA, *p<0.05 **p<0.01 vs. Cdh2F/F by Dunnett’s post-hoc test, 

#p<0.05 vs. Cdh2F/F ;Lrp5A214V/+ by Bonferroni test. Results shown are for male animals; 

similar results were obtained in females.
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Figure 5. Cdh2 ablation in osteoblasts enhances trabecular bone accrual in response to anti-Dkk1 
antibody administration
(A) Volumetric trabecular bone volume/tissue volume (BV/TV), (B) trabecular number, (C) 

trabecular spacing, and (D) trabecular thickness by μCT in tibiae of control (blue; n=11 

Cdh2 +/+;Col1A1-Cre+ and 6 Cdh2+/+) and cKO-Col1A1 (red; n=15) 2-month-old male 

mice treated with vehicle or αDkk1 antibody 5 or 20 mg/kg body weight, 3 times/week for 4 

weeks (n=5–7/group). Similar results were observed in female mice (not shown). Brackets 

indicate p<0.05 between groups (ANOVA, followed by Bonferroni post-hoc test for each 

genotype group).
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