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Abstract

Clinically, many nail disorders accompany bone deformities, but whether the two defects are 

causally related is under debate. To investigate the potential interactions between the two tissue 

types, we analyzed epithelial-specific β-catenin deficient mice, in which nail differentiation is 

abrogated. These mice showed regression of not only the nail plate but also of the underlying digit 

bone. Characterization of these bone defects revealed active bone resorption, which is suppressed 

by Wnt activation in osteoblast and osteoclast precursors. Furthermore, we found that Wntless 

(Wls) expression, essential for Wnt ligand secretion, was lacking in the β-catenin deficient nail 

epithelium and that genetic deletion of Wls in the nail epithelium led to the lack of Wnt activation 

in osteoblast and osteoclast precursors and subsequently led to defective regression of the 

underlying digit bone. Together, these data show epithelial Wnt ligands can ultimately regulate 

Wnt signaling in osteoblasts and osteoclast precursors, known to regulate bone homeostasis. These 

results reveal a critical role for the nail epithelium on the digit bone during homeostatic 

regeneration and show that Wnt/β-catenin signaling is critical for this interaction.

Introduction

Mammalian fingertip is mainly composed of the nail plate, nail epithelium and underlying 

terminal phalanx, which is the most distal bone of the limb. The nail plate is a keratinized 

structure that grows continuously owing to maturation and keratinization of the nail matrix, 

the proximal part of the nail epithelium, which is lined with the thin dermis that is attached 

to the terminal phalanx (Baran et al., 2003).

Nail disorders often accompany bone deformities, and such cases have been reported during 

the diagnosis and treatments of a wide range of skin/nail diseases including psoriatic 
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arthritis(Resnick et al., 1977), psoriasis(Serarslan et al., 2007), hypertrophic pulmonary 

osteoarthropath(Baran et al., 2003), hyperparathyroidism(Baran et al., 2003) and congenital 

onychodysplasia of the index fingers (COIF. Iso-Kikuchi syndrome)(Iso, 1969). Despite 

their divergent pathogenesis, as well as the distinct cellular and molecular characteristics of 

each nail disorder, the associated bone defects are characterized by their similar 

malformation and regression of the terminal phalange, the most distal bone of the digits, 

where the nail disorder occurs. Given the clinical diversity of nail disorders associated with 

bone defects, it was hypothesized that the nail organ may play a fundamental role in 

homeostasis of the underlying bone (Blaydon et al., 2006). However, this theory has not 

been tested experimentally, and whether the nail organ influences the homeostasis of the 

underlying bone remains unknown.

In response to Wnt ligands, cytoplasmic β-catenin accumulates, enabling it to translocate to 

the nucleus where it interacts with members of the LEF/TCF family of DNA binding 

proteins to form a transcriptional complex, resulting in transcription of target genes to exert 

diverse biological effects (Nusse, 1999).

In the osteo-lineage, Wnt signaling promotes differentiation from mesenchymal stem cells to 

preosteoblast, precursor of osteoblasts that produce bone, while it inhibits maturation of 

preosteoblast to osteoblasts that breakdown the bone (Baron et al., 2006). Loss of β-catenin 

in mesencymal progenitors and inactivation of Lrp5, one of the Wnt coreceptor, prevents 

osteoblast differentiation resulting in low bone mass (Gong et al., 2001; Kato et al., 2002). 

Moreover, Wnt activation in differentiated osteoblasts promotes the ability of osteoblast to 

inhibit osteoclast differentiation and their activity (Albers et al., 2013; Glass et al., 2005; 

Spencer et al., 2006). Disruption of the well-tuned balance of the production of bone matrix 

by osteoblasts, and the resorption by osteoclast causes disorders such as osteoporosis (Baron 

and Kneissel, 2013).

In the nail epithelium, Wnt signaling is essential for nail stem cell differentiation and loss of 

Wnt signaling in the nail epithelium eventually results in the complete loss of the nail plate 

(Takeo et al., 2013). Lgr6, an agonist of the Wnt pathway, is expressed in stem cells in the 

nail matrix that gives rise to the nail plate. Conventional loss of Lgr6 results in larger digit 

bone after normal development. However, whether the changes observed in the bone are due 

to the changes in nail epithelium is unknown, because Lrg6 is also expressed in a subset of 

osteolineage cells in mouse digits (Lehoczky and Tabin, 2015).

In this study, we demonstrate the critical role of nail epithelial cells in homeostasis of the 

terminal phalanx through epithelium-specific modulation of Wnt signaling components and 

proposes a mechanism of how defects in nail differentiation causes deformities of the 

terminal phalanx under homeostatic conditions.

Results

Epithelial-specific deletion of β-catenin leads to the degeneration of the terminal phalanx

To address if defects in nail formation can affect the homeostasis of the underlying digit 

bone we utilized epithelial-specific β-catenin deficient mice (K14-creER: β-cateninfl/fl) in 
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which nail differentiation is known to be abrogated (Takeo et al., 2013). These mice lack β-

catenin expression, following tamoxifen (TAM) treatment, specifically in Keratin 14-

expressing epithelial cells including nail matrix cells. Since K14 is not expressed by cells in 

the osteo-lineage, these mice are useful for determining whether genetically induced 

deficiency within the nail epithelium influences homeostasis of the bone. By 2 months after 

TAM treatment, the digit tip of β-catenin conditional knockout (β-catenin cKO) mice lacked 

an apparent nail plate as previously reported(Takeo et al., 2013), due to the requirement of 

Wnt/β-catenin signaling for differentiation of nail epithelial cells (Fig. 1a – g). Visualization 

of the bone by glycerol treatment revealed that the distal part of the terminal phalanx was 

regressed in all β-catenin cKO mice (Fig. 1h and i). For the morphometric analysis of the 

terminal phalanx, we stained the digits with alizarin red/alucian blue and found that the 

terminal phalanx of β-catenin cKO mice showed a significantly shorter and atypical knob 

shape with a pitted uneven surface (Fig. 1g and h). This is in contrast to the normal terminal 

phalanx in control mice which was triangular in shape with a sharp-pointed tip (Fig. 1d). 

These results show that changes in epithelial cells, and not cells of the bone lineage, can 

influence the maintenance of the underlying bone.

To characterize the bone regression phenotype of these mice, we examined the activity of 

tartrate-resistant acid phosphatase (TRAP), a specific marker of osteoclastogenesis(Minkin, 

1982). The terminal phalanx in β-catenin cKO mice showed strong TRAP signal at 5 weeks 

and 2 months after tamoxifen treatment, demonstrating the presence of active osteoclasts, 

which are known to be responsible for bone resorption (Fig. 2e–i). In contrast, the control 

terminal phalanx lacked TRAP activity (Fig. 2a–d and i). TRAP signals in β-catenin cKO 

mice were observed on the surface of the distal tip of the terminal phalanx, where bone 

regression was observed. On the other hand, the proximal part of the terminal phalanx did 

not show TRAP activity and the morphology of this area was unaltered in the cKO mouse 

digits (Fig. 2a and e). Although some autoimmune diseases, such as rheumatoid arthritis are 

characterized by secretion of T cell derived cytokines that induce bone resorption (Kong et 
al., 1999; Sato et al., 2006; Takayanagi et al., 2000), immunostaining did not indicate any 

increase in the infiltration of CD3+ mature T cells, and only a few T cells were present, 

similar to what is observed in human digit(Ito et al., 2005) (Fig. S1). Moreover, expression 

of interferon was not upregulated in the microarray data of β-catenin cKO mouse digits (data 

not shown).

Wnt ligand expression is down regulated in β-catenin deficient nail epithelium

Microarray analysis (Table S1. GEO accession numbers; GSM1875156, GSM1875157, 

GSM1875158, GSM1875159, GSM1875160, GSM1875161) and subsequent 

overrepresentation analysis of Gene Ontology (GO) terms using cDNA prepared from digit 

tips of control and β-catenin cKO mice revealed that the expression levels of several genes 

known to promote bone resorption, including integrin binding sialoprotein (Ibsp, 9.5x) 

(Malaval et al., 2008), matrix metallopeptidase 13 (Mmp13, 6.7x) (Kosaki et al., 2007; Liu 

et al., 2012), amphiregulin (Areg, 5.7x) (Lu et al., 2009) and cathepsin K (Ctsk, 4.2x) 

(Wilson et al., 2009), were markedly up-regulated in β-catenin cKO digits (Fig. 2j). In 

combination with qPCR analysis using whole mount digit, we also found that several 

canonical Wnt ligands are down-regulated in cKO mouse digit (Fig. 2k). Further qPCR 

Takeo et al. Page 3

J Invest Dermatol. Author manuscript; available in PMC 2018 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis of isolated nail epithelium from the control digits identified that Wnt ligands are 

expressed by nail epithelial cells, including Wnt3a, which is known to be capable of 

activating Wnt signaling in osteoblasts (Spencer et al., 2006) (Fig. S2). This is striking given 

that canonical Wnt signaling inhibits osteoclast differentiation and promotes osteoblast-

mediated inhibition of osteoclastogenesis (Albers et al., 2013; Glass et al., 2005; Spencer et 
al., 2006).

Importantly, immunohistochemical analysis for Wls protein, known to be essential for Wnt 

ligand secretion (Banziger et al., 2006; Bartscherer et al., 2006), revealed that osteoblasts 

and osteoclasts were localized on the dorso-distal surface of the terminal phalanx, 

immediately beneath the nail matrix cells with Wls expression (Fig. 3a–d and Fig. S2). In 

contrast, the nail epithelium of β-catenin cKO mouse digits did not express Wls at 5 weeks 

and 2 months after TAM treatment (Fig. S2). This is reasonable given that nail epithelial 

stem cells in β-catenin cKO mice lack the ability to give rise to distal matrix cells that 

contain Wnt-secreting cells with expression of Wls (Takeo et al., 2013).

Wnt ligands secreted from nail epithelium are required for Wnt activation in underlying 
osteoblasts and osteoclast precursors

To test if Wnt ligands from epithelial cells are essential for Wnt activation in underlying 

osteoblasts and osteoclast precursors, we generated K14-creER;Wntless mice (Wls cKO) in 

which Wls is depleted in epithelial cells following TAM treatment (Fig. S2). We then 

detected Wnt signaling activity in osteoblast/osteoclast precursors, which were identified 

with the following markers, Osterix (Osx)(Nakashima et al., 2002) and Microphthalmia-

associated transcription factor (MITF)(Kawaguchi and Noda, 2000), respectively. In control 

mice, Osx+ osteoblasts are concentrated in the dorsal side of the terminal phalanx and these 

osteoblasts display active Wnt signaling, which was evidenced by nuclear signal of β-

catenin immunostaining (Fig. 3a – c and l). Additionally, we detected GFP signal in these 

cells using TCF/LEF –GFP mice (Ferrer-Vaquer et al., 2010) in which GFP is expressed 

under a control of Wnt responsive element and a heat shock protein 1B minimal promoter 

(Fig. 3k). MITF+ osteoclast precursors expressed Tcf1 (van de Wetering et al., 1997), a 

nuclear mediator of Wnt/β-catenin signaling, suggesting that the Wnt pathway is activated in 

osteoclast precursors (Fig. 3d and m). By 2 months after deletion of Wls gene from nail 

epithelium, the terminal phalanx of these mice showed regression and TRAP activity, similar 

to β-catenin cKO mice (Fig. 3o – q). Furthermore, Wls cKO mice showed mislocalized 

osteoblasts, suppression of Wnt signaling in osteoblasts and osteoclast precursors (Fig. 3f – 

i, l and m). Remarkably, Osx+ osteoblasts of Wls cKO mice exhibited reduced expression of 

osteoprotegerin (Opg), which is known to inhibit osteoclastgenesis as a result of Wnt 

activation in osteoblasts (Glass et al., 2005)(Fig. 3e, j and n). These results show that 

osteoblasts and osteoclast precursors on the surface of the terminal phalanx directly or 

indirectly require Wnt ligand(s) produced by the nail epithelium to ultimately activate Wnt 

signaling, which is necessary for preventing bone regression.

Given the structure of the digit is essentially conserved in mice and humans(Fleckman et al., 
2013), we sought to test if a similar principle can be applied to understand the homeostasis 

of the distal phalanx in humans. To this, we first examined whether a similar population of 
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osteoblasts and osteoclast precursors exist in the corresponding area of the human terminal 

phalanx. We found that Osx+, MITF+ and Tcf1+ cells were located on the dorsal surface of 

the terminal phalanx, while Wls expressing cells was observed only in nail matrix cells 

overlying the terminal phalanx, in which the expression of nuclear β-catenin and Tcf1 were 

detectable, similar what is observed in mice (Fig. 4a–h). We thus tested the ability of Wnts 

from nail matrix cells to activate Wnt signaling in human osteoblasts and osteoclast 

precursors. We co-cultured human osteoblasts and osteoclast precursors with nail matrix 

cells isolated from mouse digits using transwell inserts, and three days after co-culture, they 

upregulated the TopFlash signal, indicating activation of Wnt signal(Korinek et al., 1997) 

(Fig. 4i–k). Furthermore, osteoclast precursors co-cultured with nail matrix showed less 

differentiation into mature osteoclasts that are characterized by TRAP activity and the large 

multinucleated morphology at 7 days after induction of differentiation by RANK ligand 

treatment (Fig. 4l–n). Similar to the changes observed with TRAP staining, the presence of 

nail matrix cells significantly inhibited the expression of markers for mature osteoclasts 

including Cathepsin K (CtsK) and Acid Phosphatase 5 (Acp5) (Fig. 4q). This up-regulation 

of Wnt activation and inhibition of osteoclast differentiation were neutralized by knocking 

down β-catenin in nail matrix cells or addition of IWP2 inhibitor, an inhibitor of Wnt ligand 

secretion(Chen et al., 2009) (Fig. 4j, k and o–r). In all treatments, the total number of 

osteoclast precursors and mature osteoclast were similar, suggesting that these treatments 

did not affect cell viability (Fig. 4s). These results suggest that maintenance of the human 

distal phalange may also be governed, at least in part, by the overlying nail epithelial cells 

through their capacity to extrinsically promote Wnt signaling via secretion of Wnt ligands in 

the bone microenvironment.

Extrinsic regulation of bone homeostasis by epithelial cells is uniquely seen in the distal 
terminal phalange

Above results demonstrate a mechanism for the extrinsic regulation of bone homeostasis by 

epithelial cells. This further raised a question of whether this mechanism is also in play 

during homeostasis of the long bone. To address this, we examined Wls expression in the 

long bone (i. e. middle phalanx). In contrast to the terminal phalanx, Wls-expressing cells 

were observed in the bone trabeculae, which is where osteoblasts reside in the long bone of 

control mice (Fig. S3). This suggests that the osteoblasts have the ability of to activate Wnt 

signaling in a cell autonomous manner unlike those in the terminal phalange. Accordingly, 

deletion of β-catenin or Wls genes in epithelial cells did not lead to the up-regulation of 

TRAP activity in these bones (Fig. S3). These results show that regulation of Wnt signaling 

in osteoblasts and osteoclast precursors by epithelial cells is one of the mechanisms that is 

unique to the maintenance of the distal terminal phalange (Fig. 5).

Discussion

In several skin diseases, including scleroderma and psoriasis, acro-osteolysis of the terminal 

phalanx is associated with a nail dystrophy phenotype (Sakthiswary et al., 2011), however, it 

was generally not known how these two conditions were related. In this study, we revealed 

that the nail epithelium is essential for digit bone maintenance (Fig. 1 and 5). In essence, we 

deleted genes specifically in nail epithelial cells and demonstrated that changes in the nail 
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epithelium can modulate the function of osteoblasts/osteoclasts that maintains the 

underlying digit bone. The significance of these findings is that many clinical studies report 

the association between disorders of the nail and digit bone (e.g. psoriasis, 

hyperparathyroidism, and Iso-Kikuchi syndrome), yet which cells need to be targeted for 

therapeutic interventions has been unclear. Intriguingly, a recent report shows that Wnt 

signaling is down-regulated in epidermal cells of psoriasis patients and it is known that some 

of psoriasis patients develop malformation of terminal phalanx (Gudjonsson et al., 2010). 

Our study suggests that the important roles for nail epithelium presented in this study need 

to be taken into consideration in treating such diseases instead of solely focusing on the 

osteo-lineage.

We showed that deletion of β-catenin specifically in nail epithelial cells results in the down 

regulation of Wnt ligand secretion from the nail epithelium and depletion of Wnt ligand 

from nail epithelium leads to the down-regulation of Wnt activation in osteoblast and 

osteoclast precursors, which may cause bone resorption (Fig. 2 and 3). The precise 

mechanism of how loss of β-catenin leads to down-regulation of Wnt ligand secretion from 

nail epithelium remains to be addressed. Previous studies showed that several Wnt ligands 

are downstream targets of Wnt/β-catenin signaling in skin keratinocytes (Deschene et al., 
2014; Zhang et al., 2009). Thus, it is possible that a similar mechanism that promotes Wnt 

ligand expression in a positive-feedback mechanism is present in the nail epithelium. 

Another remaining question is if and how other cell types such as mesenchymal cells in the 

nail organ respond to the loss of Wnts in epithelial cells and whether they indirectly 

contribute to the bone resportion in the terminal phalanx. Our results demonstrating that Wnt 

ligand secretion in epithelial cells is ultimately required for digit bone maintenance may 

serve as an important initial step in dissecting the dynamic interactions between distinct 

tissues during homeostasis of this organ.

In development, the terminal phalanx forms late in gestation by endochondral ossification of 

mesenchymal condensates. Postnatally, elongation of the distal end of the terminal phalanx 

occurs by direct ossification on the surface of the terminal phalanx, whereas proximal 

elongation results from endochondral growth plate (Han et al., 2008; Nakamura et al., 1989). 

In humans, mutations in Wnt related genes such as Rspo4, PORCN, Wnt7a and Wnt10a are 

associated with several diseases that developed severe disorders in limb development 

including the nail and terminal phalanx, such as anonychia, focal dermal hypoplasia, and 

odonto-onycho-dermal dysplasia (Adaimy et al., 2007; Blaydon et al., 2006; Grzeschik et 
al., 2007; Kantaputra et al., 2010; Wang et al., 2007). These observations suggest that a 

similar dependency of terminal phalanx on nail epithelium may exist during embryonic 

development, although the mechanism of ossification of terminal phalanx is different 

between embryonic development and postnatal homeostasis. Nonetheless, not all mutation in 

Wnt related genes result in the deformation of the both nail and terminal phalanx. In such 

case, mutation in Fzd6, which is expressed in the keratogenous zone in humans, results in 

nail abnormalities but not in digit bone malformation (Frojmark et al., 2011; Naz et al., 
2012). Therefore, further investigation, such as Wnt ligand secretion, in these mutant mice 

may help elucidate the relationship between the formation of nail and terminal phalanx 

during embryogenesis.
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Injuries of the terminal phalange are common and represent more than 50% of amputation 

related injuries(Doraiswamy and Baig, 2000). These observations highlight the vulnerability 

of this area and raise the possibility that animals and humans may have evolved mechanisms 

to form the nail, a specialized epithelium to protect the digit tip from injury. In response to 

nail loss, osteoclastogenesis ensues and the organism spontaneously loses the distal tip of the 

terminal phalange, the most fragile and finest part of the digit bone, avoiding further bone 

fractures. Overall, this phenomenon may represent a strategy in which the organ protects 

itself from injuries. Our study provides insight into the evolutionary dynamics of bone 

maintenance and has implications in designing strategies for the prevention and treatment of 

bone resorption by focusing on the epithelium.

Materials and Methods

Mice and sample collections

All mice were obtained from Jackson Laboratories, and maintained in the Animal Facility at 

NYU Langone Medical Center. All animal protocols were approved by IACUC at NYU 

School of Medicine. Cre recombination in K14-CreER;β-cateninfl/fl and K14-

CreER;Wntlessfl/fl mice was induced by TAM injection as published(Rabbani et al., 2011). 

For nail sample collections, we sacrificed mice by CO2 narcosis, and harvested the middle 3 

digits of the hind limbs.

Alucian blue/Alizarin red staining

Whole mount Alucian blue/Alizarin red staining was performed as described in previous 

paper with minor modification (McLeod, 1980). Briefly, digits were fixed in 4% PFA/PBS at 

4°C for overnight, removed skin and muscle, and stained with 0.015% Alucian blue 

8GX/20% Glacial acetic acid/80% EtOH at RT for overnight. After wash in 95% EtOH 

twice, digits were stained with 0.0075% Alizarin red S/1% KOH at RT for overnight. After 

washing in 1% KOH in H2O, digits were incubated serially in 20% glycerol/1% KOH for 3–

6 h at RT, 50% glycerol/1% KOH for 4 – 16 h at RT and 100% glycerol O/N at RT.

Gene expression profiling by microarray

Three-week-old K14-CreER; β-cateninfl/fl mice and their littermate were treated with 

tamoxifen for 7 days to induce Cre recombination in K14 positive epithelial cells including 

nail epithelium. At 2 month after tamoxifen treatment, six digits each from 3 different mice 

were harvested and processed to total RNA isolation using TRIzol (Life Technologies, CA). 

To obtain a sufficient amount of RNA for oligonucleotide gene chip hybridization, we used 

the Ovation RNA Amplification System V2 (Nugen, CA) for mRNA amplification. The 

amplified mRNA was labeled and hybridized to the ExonExprChip (Affymetrix, CA). Data 

was analyzed with GeneSpring X software, and genes that were differentially regulated at 

least 1.5 fold were selected for further analysis. GEO accession numbers; GSM1875156, 

GSM1875157, GSM1875158, GSM1875159, GSM1875160, GSM1875161.

TRAP staining

Nails were fixed in 10% Zinc buffered formalin at 4°C for 48 hours and washed in PBS 

twice. After decalcification in 22.5% formic acid/10% sodium citrate buffer at RT for 2 hr, 
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nails were dehydrated through ethanol and xylene, embedded in paraffin, and cut into 6 µm 

sections. Following rehydration, paraffin-sectioned tissues were incubated in Naphtol-AS-

BI-phosphate (Sigma-Aldrich, PA)/Fast Red Violet LB (pH 5.2, Sigma-Aldrich. PA) with 50 

µ M sodium tartrate for 4 h at 37 °C. Slides were counterstained with Mayer's Hematoxylin.

Immunohistochemistry

Mouse digit samples were fixed in zinc-buffered formalin at 4°C for 48 h and processed for 

paraffin tissue sections following decalcification in 22.5% formic acid/10% sodium citrate 

buffer at RT for 2 hr or 10% EDTA (pH 7.0) at RT for 24 hr . Following rehydration, antigen 

retrieval was performed by microwaving sections for 6 min on high-wattage setting in 1x TE 

buffer (pH. 8.0). Sections were blocked in 10% fetal bovine serum (FBS)/PBS at RT for 1 

hr , then incubated with primary antibodies against Osx (1:100, abcam, MA, ab22552) , Tcf1 

(1:50, Cell signaling, MA, 2203S), β-catenin (1:500, Sigma-Aldrich, PA,C7207 ), Wls 

(1:100, abcam, MA, ab82897), MITF (1:50, Sigma-Aldrich, PA, M6065-100UG), OPG 

(1:100, abcam, MA, ab79064) and CD3 (1;100, Ventana Medical Systems, AZ, 790–4341) 

at 4 °C overnight, followed by incubation with fluorescein conjugated (Life Technologies, 

CA, 1:200), or biotinylated secondary antibodies (Vector Laboratories, CA, 1;100) at RT for 

2 hr. For biotinylated secondary antibodies, a third amplification step with streptavidin-

conjugated TRITC (1:200, Vector Laboratories, CA) or Horseradish peroxidase (HRP, 

1:500, Vector Laboratories, CA) were performed. A diaminobenzidine (DAB) substrate 

solution (Sigma-Aldrich, PA) was used for developing signals for HRP. All antibodies were 

diluted in 0.1% Triton-X 100/PBS. For immunohistochemistry on Tcf/Lef1-GFP reporter 

mice, digit samples were embedded in OCT-compound (Sakura Finetek, CA) following 

fixation by zinc-buffered formalin and wash in PBS as described above and cut into 10µm 

section. Sections were incubated in 1x PBS for 5 min. prior to blocking step in 10% FBS. 

For immunostaining on human digit toe, we obtained de-identified human great toe from 

human cadaver, and was processed using the same protocol as above. The Institutional 

Review Board of NYU approved the procedure as an exempt protocol.

Human osteoblasts/osteoclast precursors and mouse nail epithelial cell co-culture with 
TopFlash Assay

Human osteoblasts and osteoclast precursors were purchased from PromoCell GmbH 

(Germany, C-12760) and Lonza (MD, 711.98) and cultured according to the manufacturer’s 

instruction. Osteoblast at passage 3 or 4 and osteoclast precursors were plated in the well of 

24-well culture plate at the density of 25,000 cells/well in osteoblast growth media 

(PromoCell GmbH, Germany, C-27001) and cultured for overnight at 37 °C, 5% CO2. 

Osteoblasts and osteoclast precursors were transfected with 500ng of TopFLASH or 

FopFLASH vector (Millipore, MA, 17-285) and 50 ng pRL-TK vector (Promega, WI, 

E2241), using Lipofectamine 2000 (Invitrogen, CA, 52758). Six hours after lipofection, 

culture media was replaced, and co-cultured with distal matrix that are transfected with 

50nM siRNA against for β-catenin (Invitrogen, CA, MSS202664) or control siRNA 

(Invitrogen, 462001), using Lipofectamine RNAiMAX (Invitrogen, CA, 56532). Distal 

matrix cells were dissected and isolated as previously described in previous paper (Takeo et 
al., 2013). After 72 hr of co-culture with DMSO or 5µM IWP-2(Sigma-Aldrich, PA) in 

DMSO, distal matrix were removed and luciferase activity measured using Dual-Glo 

Takeo et al. Page 8

J Invest Dermatol. Author manuscript; available in PMC 2018 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Luciferase activity assay system (Promega, WI, E2920) according to manufacturer’s 

instructions.

Differentiation assay of human osteoclast precursors

Induction of human osteoclast precursors (Lonza, MD, 711.98) was performed according to 

the manufacturer’s instruction. Briefly, osteoclast precursors were plated at the density of 

25,000 cells/well in 24 well plate and differentiation was induced by adding RANK ligand. 

At 7th day in culture, differentiation status was examined by TRAP staining.

Beads implantation

We performed bead implantation experiment using previously described method with the 

following modifications (Takeo et al., 2013; Yu et al., 2010). Affi-Gel Blue Gel beads (Bio-

Rad) were washed with PBS then soaked with recombinant mouse Wnt3a (R&D Systems, 

MN, 1324-WN-002/CF) at a concentration of 40 µg/ml or PBS as a control for 2 hours at 

room temperature. Beads implantation was performed at 6 month after initial tamoxifen 

treatment in K14-CreER;Wls cKO mice.

Statistical analysis

Student’s t-test was used to calculate p-values on Microsoft Excel, with two-tailed tests and 

unequal variance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Removal of β-catenin in epithelial cells leads to digit bone defect
(a) Experimental scheme. Three-week-old old β-catenin cKO mice and littermates were 

treated with tamoxifen for 7 d, and analyzed at the indicated time points. (b – g) Whole 

mount alizarin red/alcian blue analysis of control (b - d) and β-catenin cKO digit (e – g) at 

0d (b, e), 5 weeks (c, f) and 2 month (d, g) after tamoxifen treatment. Failure of nail growth 

and digit bone deformation was observed in cKO mice at 2 month after tamoxifen treatment. 

(h) Schematic illustration of bone length measurement. Length of red line was measured. (i) 
Quantification analyses of bone length at indicated time point. Data are presented as the 

mean ± SD (n=16). Scale bar, 500 µm.
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Figure 2. Depletion of epithelial β-catenin results in the activation of bone resorption and down-
regulation of Wnt ligand expression
(a–h) TRAP staining on control (a–d) and β-catenin cKO (e–h) digit at 5 weeks (a, b, e, and 

f) and 2 month (c, d, g, and h) after tamoxifen treatment. (b, d, f, and h) are magnified field 

of boxed area in (a, c, e, and g), respectively left panels. (i) Quantification analysis of the 

number of TRAP positive cells on the surface of terminal phalanx at indicated time points. 

(j) List of differentially expressed genes associated with bone formation and resorption 

between control and β-catenin cKO digit at 2 month after tamoxifen treatment. (k) Relative 

Wnt ligand expression level between control and β-catenin cKO mice at 2 month after 
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tamoxifen treatment. Arrowheads indicate TRAP positive cells. Data are presented as the 

mean ± SD. Scale bar, 500 µm.
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Figure 3. Loss of Wls in epithelium leads to suppression of Wnt signaling in osteoblast and 
osteoclast precursors and activation of bone resorption
(a–j) Immunohistochemistory for Osx ( a, b, f and g), Osx and β-catenin (c and h), MITF 

and Tcf1 (d and i), and Osx and OPG (e and j) on control (a – e) and Wls cKO (f – j) at 2 

month after tamoxifen treatment. Insets in (c, d, e, h, i, and j) indicate single channel image 

of β-catenin (c and h), Tcf1 (d and i), and OPG (e and j) of boxed cell, respectively. (k) 
Immunohistochemistry of Osx on digit of Tcf/Lef1-GFP reporter mice. (l–n) Quantification 

analysis of the percentage of nuclear β-catenin positive cells in Osx positive cells (l), the 

percentage of nuclear Tcf1 positive cells in MITF positive cells (m), and the percentage of 

OPG positive cells in Osx positive cells (n) at 2 month after tamoxifen treatment. (o and p) 
Whole-mount transparent specimen (o) and TRAP staining (p) of Wls cKO digit at 2 month 

after tamoxifen treatment. Left panel of (p) is magnified image of boxed area. (q) 
Quantification analysis of the bone length of Wls cKO digit at 2 month after tamoxifen 

treatment. Lines indicate border between terminal phalanx and dermis. Dashed lines indicate 

border between epithelium and dermis in (a–j). Solid arrowheads indicate Oxs+ cells (a, b, f, 

g), double positive cells (c – e, k), and TRAP positive cells (p). Open arrowheads indicate 

single positive cells for Osx (e, h, j) and MITF (i), Data are presented as the mean ± SD. 

Scale bars, 500 µm in ; (o, p); 100 µm in (a); 50 µm in (b) ; 10 µm in (c).
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Figure 4. Human osteoblast and osteoclast precursors have the ability to respond to nail 
epithelium
(a–g) Immunohistochemistory for Osx (a anb b), MITF (c), Tcf1 (d and g), Wls (e) and β-

catenin (f) on terminal phalanx and nail epithelium of human toe. (h) Schematic illustration 

of the distribution pattern of Osx+, MITF+, Tcf1+ and Wls+ cells in mouse digit and human 

toe. (i) Experimental scheme of co-culture experiment and TopFlash assay on human 

osteoblasts and osteoclast precursors. (j and k) Representative result of TopFlash assay of 

human osteoblast and human osteoclast precursors. (l) Experimental scheme of 

differentiation assay of human osteoclast precursors. (m–p) Differentiation analysis of 
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human osteoclast precursors cultured with no nail matrix (m), nail matrix (n), nail matrix 

with β-catenin knockdown (o), and nail matrix and IWP-2 inhibitor (p). (q) qPCR analysis 

of osteoclast differentiation markers using cells at 3 days after induction of osteoclast 

differentiation.(r and s) Quantification analysis of the area that covered by mature osteoclast 

(r) and number of osteoclast precursors and mature osteoclasts (s). Lines indicate border 

between terminal phalanx and dermis. Dashed lines indicate border between epithelium and 

dermis. Arrowheads indicate cells that are positive for indicated marker. Data are presented 

as the mean ± SD (n=6). Scale bars, 1mm in (a); 50 µm in (b); 200 µm in (h).

Takeo et al. Page 18

J Invest Dermatol. Author manuscript; available in PMC 2018 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Nail epithelium maintains the underlying bone by secreting Wnt ligands that 
extrinsically promote Wnt signaling in bone microenvironment
In the presence of Wnt ligands derived from the nail epithelium, osteoblasts that form the 

bone and precursors of osteoclasts that break down the bone both display Wnt pathway 

activation. Wnt activation in osteoblasts results in osteoprotegerin (Opg) expression, which 

is known to inhibit osteoclast activation and differentiation. Wnt activation in osteoclast 

precursors, on the other hand, inhibits their differentiation into mature osteoclasts, together 

ensuring the bone maintenance.
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