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Bone homeostasis is maintained by a balance in activity between bone-resorbing osteoclasts and bone-forming osteoblasts.
Shifting the balance toward bone resorption causes osteolytic bone diseases such as rheumatoid arthritis and periodontitis. Os-
teoclast differentiation is regulated by receptor activator of nuclear factor �B ligand (RANKL), which, under some pathological
conditions, is produced by T and B lymphocytes and synoviocytes. However, the mechanism underlying bone destruction in
other diseases is little understood. Bone destruction caused by cholesteatoma, an epidermal cyst in the middle ear resulting from
hyperproliferation of keratinizing squamous epithelium, can lead to lethal complications. In this study, we succeeded in generat-
ing a model for cholesteatoma, epidermal cyst-like tissue, which has the potential for inducing osteoclastogenesis in mice. Fur-
thermore, an in vitro coculture system composed of keratinocytes, fibroblasts, and osteoclast precursors was used to demon-
strate that keratinocytes stimulate osteoclast differentiation through the induction of RANKL in fibroblasts. Thus, this study
demonstrates that intercellular communication between keratinocytes and fibroblasts is involved in the differentiation and
function of osteoclasts, which may provide the molecular basis of a new therapeutic strategy for cholesteatoma-induced bone
destruction.

Bone is a highly dynamic organ in which homeostasis is main-
tained by a balance in activity between bone-resorbing oste-

oclasts and bone-forming osteoblasts. An imbalance between
osteoclastic and osteoblastic activity causes various skeletal disor-
ders. Osteoclasts are multinucleate cells that differentiate from
mononuclear macrophage/monocyte-lineage hematopoietic pre-
cursor cells, which are attracted to the bloodstream by factors,
including sphingsine-1 phosphate (1, 2). Osteoclast differentia-
tion and function are regulated by macrophage colony-stimulat-
ing factor (M-CSF) and receptor activator of nuclear factor �B
ligand (RANKL) (3–5). Under physiological conditions, osteo-
blasts or osteocytes are the source of RANKL (6–8). RANKL-me-
diated osteoclastogenesis also plays an important role in bone de-
struction in inflammatory bone diseases such as rheumatoid
arthritis (RA) or periodontal diseases. In such pathological states,
synoviocytes or immune cells, such as B or T lymphocytes, infil-
trating into the area are proposed to be the major sources of
RANKL (9–11). In RA, infiltration of T helper 17 (Th17) cells is
observed in the synovium. Th17 cells indirectly induce RANKL
expression in synoviocytes by producing interleukin-17 (IL-17)
(12), and Th17 cells themselves express RANKL on their plasma
membrane (13). Thus, in many bone destructive diseases, the
mechanisms of bone destruction are becoming clarified in detail.
However, there are still certain bone destructive diseases whose
underlying mechanisms remain to be elucidated. Cholesteatoma,
a benign entity arising in temporal bone, is one such disease where
our understanding is limited.

Cholesteatoma is an epidermal cyst occurring in the middle ear
(14, 15), which consists of three layers: perimatrix, matrix, and
cystic content. Matrix is composed of keratinizing stratified squa-

mous epithelium. Perimatrix contains collagen fibers and fibro-
blasts. Cystic content is made up of keratinaceous debris. Ad-
vanced cholesteatoma can cause the destruction of bone, which
results in severe complications, such as facial nerve palsy, menin-
gitis, and brain abscess. Although recent developments in antibi-
otics along with early detection have decreased the incidence of
severe complications, these complications still occur if cholestea-
toma is not treated properly. Currently, the only effective treat-
ment is complete surgical eradication of cholesteatoma; however,
postoperative recurrence is possible. In the perimatrix layer, in-
flammatory cell infiltration is usually observed, and inflammation
is known to be an exacerbating factor for cholesteatoma. In con-
trast, inflammation alone does not cause bone destruction be-
cause chronic suppurative otitis media, which is a chronic inflam-
matory state in middle ear mucosa, rarely causes bone destruction
(16, 17). Therefore, it is suggested that proliferation of the kera-
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tinized epithelial layer plays an important role in bone destruc-
tion.

Recently it has been reported that cell differentiation, prolifer-
ation, and tissue homeostasis within cholesteatoma are main-
tained by interactions between matrix-keratinocytes and perima-
trix-fibroblasts (18). Keratinocyte-derived interleukin-1 (IL-1)
induces fibroblasts to secrete some cytokines, such as transform-
ing growth factor � (TGF-�) (19) or keratinocyte growth factor
(KGF) (20). These cytokines in turn support the proliferation and
differentiation of keratinocytes (21).

In this study, we investigated whether the interactions between
keratinocytes and fibroblasts affect bone destruction. Accord-
ingly, we reconstructed the interactions in vivo and in vitro, using
mouse ear pinna-derived keratinocytes and fibroblasts. Using this
model, we revealed that the interaction between keratinocytes and
fibroblasts induces osteoclastogenesis, which can lead to bone re-
sorption.

MATERIALS AND METHODS
Mice and animal experiments. C57BL/6 mice (referred to as wild-type
[WT] mice) were purchased from CLEA Japan. CAG-enhanced green
fluorescent protein (EGFP) mice were purchased from Charles River. Tar-
trate-resistant acid phosphatase (TRAP)-tdTomato transgenic mice were
generated previously and genotyped as previously described (22). My-
eloid differentiation primary response (Myd88) knockout mice were gen-
erated previously (23). Tnfsf11 knockout mice were generated previously
(24). CAG-tdTomato mice were obtained by crossing B6.Cg-Gt
(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice (The Jackson Laboratory)
and CAG-Cre transgenic mice (25). All strains were on the C57BL/6 back-
ground. Both male and female mice were used except when indicated
otherwise. Animal experiments were conducted in a blinded fashion with
respect to the investigator. Animals were randomly included in the exper-
iments according to genotyping results. The numbers of animals used per
experiment are stated in the figure legends. All mice were born and main-
tained under specific-pathogen-free conditions, and all animal studies
were approved by the Institutional Animal Care and Use Committee of
Osaka University.

Cell culture. For the isolation of keratinocytes and fibroblasts, ear
pinnae were treated with dispase (4 mg/ml) for 1 h and separated into
dermis and epidermis. The epidermis was treated with TrypLE express
enzyme (Thermo Fisher Scientific) at 37°C for 5 min, and the resulting
single-cell suspension was used as keratinocytes. Dermis was treated with
dispase (4 mg/ml) and collagenase (3 mg/ml) at 37°C for 2 h, and obtained
cells were plated in a 10-cm dish and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Nacalai Tesque) supplemented with 10% fetal
bovine serum (FBS). The cells were passaged 3 to 7 times and used as ear
pinna-derived fibroblasts. For three-dimensional (3D) culture of kerati-
nocytes, keratinocytes were isolated from ear pinnae of mice as described
above. Cells were seeded for culture in CnT-Prime epithelial culture me-
dium (CnT-PR; CELLnTEC) at a density of 3.3 � 105 cells/cm2 in Millicell
PCF 0.4-�m inserts (Millipore). Four inserts were placed in a 6-cm petri
dish. When cells reached confluence, the medium was switched to defined
epidermal keratinocyte 3D prime medium (CnT-02 3D) or CnT-Prime
3D barrier culture medium (CnT PR3D; CELLnTEC) to induce differen-
tiation of keratinocytes. After 12 h, medium in the inserts was aspirated
and the cells were then cultured at the air-liquid interface for more than 10
days. Medium was changed every 2 days, and after more than 10 days these
media were used as keratinocyte supernatants. For in vitro culture, kera-
tinocytes and fibroblasts derived from CAG-EGFP mice were used except
when indicated otherwise. Ear pinna-derived fibroblasts were cultured in
DMEM with or without lipopolysaccharides (250 ng/ml) from Escherichia
coli (Sigma-Aldrich) for 2 days. Ear pinna-derived fibroblasts were cul-
tured for 2 days in CnT PR3D medium with or without recombinant
mouse galectin-3 (10 �g/ml; R&D Systems), Cxcl-1 (200 ng/ml; Bio

Legend), vascular endothelial growth factor 164 (VEGF-164; 100 ng/ml;
BioLegend), Cxcl-16 (100 ng/ml; PeproTech), and prostaglandin E2

(PGE2; 10 �M; Cayman Chemical). Neonatal mouse calvarial osteoblasts
were isolated as described previously (26).

In vitro coculture assay. Ear pinna-derived fibroblasts on 24-well
plates were cocultured with Millicell PCF 0.4-�m inserts with keratino-
cytes cultured for more than 10 days. Inserts with fibroblasts seeded in
DMEM supplemented with 10% FBS at a density of 2.5 � 104 cells/cm2

and cultured for 2 days or inserts lacking cells were used as controls. Two
days after coculture, each insert was removed and fibroblasts were further
cocultured with bone marrow-derived monocyte-macrophage precursor
cells (BMMs) in the presence of 10 ng/ml macrophage-colony-stimulat-
ing factor (M-CSF) (R&D Systems) for 3 days. Bone marrow-derived cells
cultured with 10 ng/ml M-CSF for 3 days were used as BMMs (27–29).
BMMs derived from TRAP-tdTomato mice were used in this study. Three
days after coculture, osteoclastogenesis was evaluated using the TRAP
solution assay, as previously described (30).

Establishment of epidermal cyst-like mass. The methods for the iso-
lation of ear pinna-derived keratinocytes and fibroblasts were described
above. Keratinocytes (4 � 106 cells) and fibroblasts (8 � 105 cells) were
mixed in 100 �l phosphate-buffered saline (PBS) and injected under the
periosteum of calvarial bone percutaneously. The injection of keratino-
cytes (4 � 106 cells) in 100 �l PBS was used as a control.

Histology, immunohistochemistry, and confocal imaging. For fro-
zen sections, mice were perfused with 4% paraformaldehyde (PFA) with
20% sucrose for fixation, and dissected bone tissues were further fixed
with 4% PFA and 20% sucrose for 4 h at 4°C followed by a 7-day decalci-
fication in 10% EDTA, and then they were embedded in OCT compound
(Sakura Finetek). Sections, 10 �m thick, were prepared using Kawamoto’s
film method. Sections were mounted with Vectashield mounting medium
with 4=,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc.),
and images were acquired with an A1 confocal microscope (Nikon). For
paraffin-embedded sections, freshly dissected calvarial bones were fixed in
4% PFA overnight, followed by a 7-day decalcification in 10% EDTA.
Sections (3 �m thick) were stained with hematoxylin and eosin (H&E)
using a standard protocol. The maximum diameter of the lesion mass was
calculated using ImageJ software. The number of concentric nodules was
calculated manually. For immunohistochemical analysis, sections were
blocked with normal rabbit serum for 30 min. After antigen retrieval for
10 min in Tris-EDTA (pH 9.0) in a 110°C oil bath, endogenous peroxidase
activity was quenched with 0.3% H2O2 for 30 min. Sections were then
stained overnight at 4°C with anti-RANKL (1:400; Santa Cruz), anti-cy-
tokeratin 14 (anti-CK14) (1:500; Thermo Scientific), and anti-CK10 (1:500;
BioLegend). A Vectastain elite ABC kit (Vector Laboratories, Inc.) and the
protocol provided by the manufacturer were used. Sections were counter-
stained with hematoxylin for 30 s before mounting with Paramount-N
(Falma, Japan). Goat IgG (1:800; Santa Cruz), rabbit IgG (1:200; Santa Cruz),
and mouse IgG1 (1:250; Dako) were used as the isotype controls.

Image data analysis. For calculating the ratio of osteoclast surface to
bone surface, EGFP-positive areas and tdTomato-positive areas were au-
tomatically detected by NIS element software (Nikon). Bone surface
length under the EGFP-positive mass lesion and tdTomato-positive oste-
oclast surface length were calculated manually using ImageJ software.

Immunoblot analysis. Whole-cell extracts of fibroblasts were pre-
pared by lysis in radioimmunoprecipitation assay buffer and subjected to
immunoblot analysis using anti-RANKL (1:1,000; Santa Cruz) and anti-
�-actin (1:1,000; GenScript), respectively.

RNA isolation and RT-qPCR. Total RNA and cDNA were prepared
using Maxwell 16 LEV simplyRNA purification kits (Promega) and
Superscript III reverse transcriptase (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. Quantitative real-time PCR
(RT-qPCR) was performed with thermal cycler Dice real-time system
TP800 (TaKaRa). The expression of every sample was calculated rela-
tive to that of the �-actin housekeeping gene. Primer sequences are
summarized in Table 1.
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Cytokine array. Keratinocyte supernatant and fresh CnT-02 3D
(CELLnTEC), as a control sample, were assessed using a cytokine anti-
body array I (biotin label based) for mouse, L-series (RayBiotech), accord-
ing to the manufacturer’s protocol. This multiplex assay measures 308
different cytokines on a glass chip format. Data were analyzed using mi-
croarray data analysis software (Filgen). The net intensity was calculated
by subtracting the mean intensity of the local background area from the
mean intensity of the spot areas.

Statistics. Statistical analysis was done using Welch’s t test or ratio
paired t test for comparisons between two groups, Kruskal-Wallis test
with Dunn’s multiple-comparison posttest, one-way analysis of variance
(ANOVA) with Tukey’s multiple-comparison posttest, or two-way
ANOVA with Sidak’s multiple-comparison posttest for comparisons
among three or more groups as described in each figure legend.

RESULTS
Establishment of epidermal cyst-like mass lesions. Initially, we
attempted to mimic the histology of epidermal cysts in mice, using
keratinocytes and fibroblasts derived from mouse ear pinnae. Ke-
ratinocytes isolated from epidermis and fibroblasts isolated from
dermis were mixed at a 5:1 ratio and injected under the calvarial

periosteum (Fig. 1A). Three days after injection, a mass lesion was
observed under the skin of the head. At 1 week after injection, the
mass lesion with bone was dissected and histological analysis was
performed (Fig. 1B and C). The 5:1 ratio was the most effective at
inducing the mass lesion. Histological sections revealed that the
obtained mass contained several round nodules with concentric
layers (Fig. 1B and C). In their centers the nodules contained de-
bris-like structures, and fibrous tissue was observed surrounding
the nodules.

To examine the cell components in the mass lesion in detail, we
separated keratinocytes and fibroblasts by using two mouse
strains with different kinds of fluorescence labeling. We isolated
keratinocytes from CAG-EGFP mice and fibroblasts from CAG-
tdTomato mice (Fig. 2A). The concentric nodules expressed
EGFP, indicating they were formed by keratinocytes. Fibroblasts
expressing tdTomato surrounded these nodules and formed a sin-
gle mass. The single EGFP-expressing cells and tdTomato-ex-
pressing cells were not mixed with each other. Similar histolog-
ical appearances were observed at 2 and 4 days after injection

TABLE 1 Primer sequences for quantitative PCR

Gene

Sequence (5=–3=)

Forward Reverse

Actb CTTCTACAATGAGCTGCGTG TCATGAGGTAGTCTGTCAGG
Tnfsf11 CAGCATCGCTCTGTTCCTGTA CTGCGTTTTCATGGAGTCTCA
Tnfsf11b ACCCAGAAACTGGTCATCAGC CTGCAATACACACACTCATCACT
Tlr4 ATGGCATGGCTTACACCACC GAGGCCATTTTGTCTCCACA
Lgals3 GCCTACCCCAGTGCTCCT CTCATTGAAGCGGGGGTTA
Slpi GGCCTTTTACCTTTCACGGTG TACGGCATTGTGGCTTCTCAA
Plau GCGCCTTGGTGGTGAAAAAC TTGTAGGACACGCATACACCT
Vegfa CAGGCTGCTGTAACGATGAA TTTGACCCTTTCCCTTTCCT
Grn TTCACACACGATGCGTTTCA AGGGCACACGACAGAAAAAG
Cxcl16 ACCCTTGTCTCTTGCGTTCTTCCT ATGTGATCCAAAGTACCCTGCGGT
Il9 ATGTTGGTGACATACATCCTTGC TGACGGTGGATCATCCTTCAG
Cxcl1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Csf3 ATGGCTCAACTTTCTGCCCAG CTGACAGTGACCAGGGGAAC

FIG 1 Establishment of a keratinocyte and fibroblast mixed cyst on calvarial bone. (A) Schematic description of the method for generating a mass lesion
composed of ear pinna-derived keratinocytes and fibroblasts. Scale bars, 250 �m. (B) Histological analysis of the mass lesion with calvarial bone. Hematoxylin
and eosin-stained histologic sections. Arrows indicate concentric nodules. Scale bars, 250 �m. Representative images of five experiments are shown. (C) The
width and the number of nodules in a single section, calculated by ImageJ software. Data are presented as means � standard deviations (SD).
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(Fig. 2A; also see Fig. S1A in the supplemental material), while
the size of the cysts increased throughout development (see Fig.
S1B). In order to further characterize the cells in the nodules,
we examined the expression of keratinocyte differentiation
markers. In normal skin, keratinocytes differentiate and mi-
grate toward the surface of the epidermis, forming a multilay-
ered epidermis and stratum corneum. Keratinocytes in the
basal layer express cytokeratin 14 (CK14), and differentiated
keratinocytes expressed CK10 (see Fig. S2). In the mass lesion,
keratinocytes forming concentric nodules widely express
CK14, whereas cells in the inner layer of the nodules expressed
CK10. Therefore, the histology of the nodules resembles that of
keratinized squamous epithelial cells (Fig. 2B; also see Fig. S2).
Thus, we succeeded in inducing epidermal cyst-like tissue by
transplantation of a mixture of keratinocytes and fibroblasts.

Epidermal cyst-like mass lesions induce osteoclasts on the
calvarial bone surface. The next question we examined is whether
or not this mass lesion has the potential to destroy bone. Previ-
ously, we generated TRAP-tdTomato mice whose osteoclasts ex-
pressed fluorescent tdTomato protein driven by the TRAP pro-
moter (22). We examined the induction of osteoclasts on the bone
surface by using TRAP-tdTomato mice as the recipients. EGFP-ex-
pressing keratinocytes and fibroblasts were individually injected into
TRAP-tdTomato mice. The injection of keratinocytes resulted in ke-
ratinized nodules without fibroblastic layers (Fig. 3A). After trans-
plantation, a mass lesion was observed in 4 out of 4 injections of
keratinocytes and fibroblasts compared to 3 out of 5 injections of
keratinocytes alone. The injection of fibroblasts alone did not result in
mass lesions (data not shown). Histomorphometric analysis revealed
that the ratio of osteoclast surface to bone surface under the EGFP-
positive lesions was significantly higher in keratinocyte- and fibro-

blast-injected mice than in mice injected with keratinocytes alone
(Fig. 3B). However, bone destruction was not detected by microcom-
puted tomography (data not shown). These results suggest that nod-
ules can be formed by keratinocytes alone, whereas osteoclasts are
induced only by keratinocyte-fibroblast mixed cysts.

In dermal tissues such as skin and ear pinna, RANKL was
expressed in fibroblast-like cells rather than keratinocytes (see
Fig. S3A in the supplemental material). This result prompted
us to examine the source of RANKL in the epidermal cyst-like
tissue. Immunohistochemistry revealed that fibroblasts ex-
pressed RANKL, while keratinocytes were only weakly stained
(Fig. 3C; also see Fig. S3B). The expression was detected in the
early stage of mass formation (see Fig. S3B). Fibroblasts around
the epithelial layer had a tendency to show high-level expression of
RANKL (Fig. 3C). These results suggest that interactions between
keratinocytes and fibroblasts play a pivotal role in the induction of
RANKL expression.

Soluble factors secreted by keratinocytes induce osteoclasto-
genesis. To further investigate the relationship among keratino-
cytes, fibroblasts, and osteoclast precursors, we established an in
vitro coculture system composed of these cells (Fig. 4A). In order
to examine the function of keratinocyte-fibroblast interactions in
the induction of osteoclast differentiation, we performed cocul-
ture experiments using the ear pinna-derived fibroblasts and mul-
tiple layers of keratinocytes. The mRNA expression of Tnfsf11
(encoding RANKL) was significantly elevated in fibroblasts cocul-
tured with keratinocytes compared to that in cultures of fibro-
blasts or with empty inserts (Fig. 4B). RANKL expression was also
detected in fibroblasts cultured with keratinocyte supernatant at
both the mRNA and protein levels (Fig. 4C and D). The elevation
of Tnfsf11 peaked 36 h after stimulation. On the other hand, the

FIG 2 Experimental mass lesions are histologically similar to epidermal cysts. (A) Confocal images of calvarial sections from WT mice injected with keratinocytes
derived from CAG-EGFP mice and fibroblasts derived from CAG-tdTomato mice at 7 days after injection. Scale bars, 250 �m. Representative images of three
mice are shown. (B) Immunohistochemical analysis of keratinocyte differentiation markers CK10 and CK14. Hematoxylin staining was used as a counterstain
(blue). Boxed regions in the images on the left are magnified in images on the right. Scale bars, 200 �m. Representative images of three mice are shown.
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mRNA expression of Tnfsf11b (encoding osteoprotegerin, a solu-
ble decoy receptor for RANKL) was not affected throughout the
experimental period.

We next examined whether these fibroblasts have the poten-
tial to induce osteoclastogenesis in vitro. Fibroblasts were first
cocultured with keratinocytes, and then the keratinocyte-
primed fibroblasts were sequentially cultured with bone mar-
row-derived monocyte-macrophage precursor cells (BMMs)
from TRAP-tdTomato mice. Keratinocyte-primed fibroblasts
induced TRAP-positive cells more effectively than fibroblasts
cultured in the absence of keratinocytes (Fig. 4E). To examine
the effect of RANKL deficiency in fibroblasts on osteoclast differ-
entiation, Tnfsf11-deficient fibroblasts next were cocultured with
keratinocytes, followed by culture with BMMs. Deletion of
RANKL resulted in a dramatic decrease in formation of TRAP-
positive multinucleated cells, indicating that fibroblast-derived
RANKL induces osteoclast differentiation.

Soluble factors secreted by keratinocytes stimulate RANKL
expression in ear pinna-derived fibroblasts in a MyD88-inde-
pendent manner. The findings described above raised questions

about the mechanism for the elevation of RANKL expression in ke-
ratinocyte-primed fibroblasts. Lipopolysaccharide (LPS) is known to
induce RANKL expression in osteoblasts through stimulation of
Toll-like receptor 4 (TLR4) (31). Ear pinna-derived fibroblasts also
expressed Tlr4 mRNA (Fig. 5A), and Tnfsf11 mRNA expression was
elevated after LPS stimulation (Fig. 5B). To examine whether kerati-
nocytes enhance RANKL expression through TLR4 activation, we
tested the effect of the knockout of myeloid differentiation primary
response (Myd88), which is an adaptor molecule of TLR families
(23). We isolated fibroblasts from ear pinnae of Myd88 knockout
mice. Knockout of Myd88 almost completely abolished the effect of
LPS on Tnfsf11 mRNA expression (Fig. 5C). However, the induction
of Tnfsf11 mRNA expression by keratinocytes was not affected by
knockout of Myd88 (Fig. 5C). In contrast, LPS had no additive effect
on keratinocyte supernatant-induced Tnfsf11 expression (see Fig.
S4A in the supplemental material). On the basis of these results, al-
though keratinocytes increased the expression of Tnfsf11 in a Myd88-
independent manner, a common signaling molecule(s) likely is in-
volved in LPS- or keratinocyte supernatant-induced Tnfsf11
expression.

FIG 3 Epidermal cyst-like tissue induces differentiation of osteoclasts. (A) Histological analysis of calvarial sections of TRAP-tdTomato mice injected with
EGFP-expressing keratinocytes alone (upper; n � 3) or EGFP-expressing fibroblasts and keratinocytes (n � 4). Magnified images of the boxed region are shown
(white color indicates TRAP-positive osteoclasts; arrowheads). Scale bars, 250 �m. (B) Quantification of osteoclast surface per respective bone surface (Oc.S/BS)
under the mass lesion. (C) Expression of RANKL in the mass lesion at low magnification (left) and high magnification (right) of the square region. Scale bars, 200
�m. Asterisks show weak staining in the epithelial layer, and arrowheads show strongly stained fibroblasts. Representative data from three mice are shown. Data
are presented as means � SD. *, P 	 0.05 (Welch’s t test).
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Through the screening of cytokines secreted from keratino-
cytes with the use of an antibody array recognizing 308 different
murine cytokines, we found that 18 cytokines were increased
more than 3-fold in keratinocyte culture supernatant compared to
the level in fresh media (Table 2). Among them, galectin-3 (Gal-3;
encoded by the Lgals3 gene), urokinase (uPA; encoded by the Plau
gene), secretory leukocyte protease inhibitor (SLPI; encoded by

the Slpi gene), and vascular endothelial growth factor (VEGF; en-
coded by the Vegfa gene) have been reported to be expressed in
cholesteatoma (32–35). We confirmed the mRNA expression of
these genes and several top-ranked genes from the results of the
cytokine array (see Fig. S4B in the supplemental material). We
focused on galectin-3, Cxcl-1, Cxcl-16, and VEGF, which were
highly expressed in keratinocytes. However, although we exam-

FIG 4 Soluble factors secreted by keratinocytes increase the expression of RANKL in fibroblasts. (A) Schematic of the method for coculture of ear pinna-derived
fibroblasts, three-dimensional cultured keratinocytes, and bone marrow-derived monocyte-macrophage precursor cells (BMMs) as an in vitro model of
epidermal cyst. (B) Tnfsf11 expression in ear pinna-derived fibroblasts cocultured with inserts without cells, with fibroblasts, or with keratinocytes for 2 days. (C)
Relative Tnfsf11 and Tnfsf11b expression in ear pinna-derived fibroblasts cultured in fresh media and supernatant from keratinocyte culture for the indicated time
periods, measured by RT-qPCR analysis. (D) RANKL expression in ear pinna-derived fibroblasts cultured in fresh medium or supernatant (Sup.) from
keratinocyte culture for 2 days as determined by immunoblot analysis using anti-RANKL antibody and anti-ACTB antibodies. (E, left) Representative images of
tdTomato-positive cells showing osteoclast differentiation of BMMs cultured with fibroblasts obtained from Tnfsf11
/
 mice or Tnfsf11�/� mice after coculture
with transwell culture inserts lacking cells or with keratinocytes. (Right) Relative TRAP activity was determined by TRAP solution assay. w/o, without. Scale bars,
250 �m. Data are presented as means � SD. *, P 	 0.05; **P 	 0.01; ns, not significant (determined by Kruskal-Wallis test [B], Welch’s t test [C], and two-way
ANOVA [E]).
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ined the effect of these molecules on Tnfsf11 expression on fibro-
blasts with these recombinant proteins, they did not affect Tnfsf11
expression (Fig. 5D). We next tested the effect of prostaglandin E2

(PGE2) on Tnfsf11 expression in fibroblasts, since it is known as a
key inducer of Tnfsf11 expression in osteoblasts (36, 37). PGE2

significantly upregulated Tnfsf11 expression in ear pinna-derived
fibroblasts (Fig. 5E), suggesting PGE2 is a candidate for a RANKL
inducer.

DISCUSSION

The cross talk between the skeletal and immune systems has long
been studied. In most bone destructive diseases, including auto-
immune diseases such as RA, bone-resorbing osteoclasts are acti-
vated via the RANK-RANKL axis. It has become clear that syno-
viocytes and T or B cells function as the source of RANKL in
pathological states (9–11). However, the underlying mechanisms
for bone destruction in cholesteatoma remain to be elucidated.
Currently, it is controversial whether osteoclasts are the cause of
bone destruction in cholesteatoma (38). Some reports have shown
that osteoclasts accumulate on the bone surface in cholesteatoma
(39–41; unpublished data). A number of studies have addressed
the fact that RANKL is expressed in cholesteatoma clinical sam-
ples, and meta-analysis data showed that higher levels of RANKL
are prominent features in middle ear cholesteatoma (42). How-
ever, the localization of RANKL is also controversial. Some have
reported it is expressed in the epithelial layer (43), others showed

it was expressed in the subepithelial layer, including infiltrated
inflammatory cells (44), and still others found both the epithelial
layer and subepithelial layer (45, 46) expressed RANKL in cho-
lesteatoma. What makes these problems difficult to solve is par-
tially that cholesteatoma is usually removed piece by piece, and the
obtained clinical samples are very small. Accordingly, animal ex-
perimentation is essential to the elucidation of the pathogenesis of
cholesteatoma.

To date, some animal models of cholesteatoma have been re-
ported. The Mongolian gerbil develops spontaneous cholestea-
toma (47–49), which is known to cause bone resorption and is
used as a cholesteatoma model. Additionally, chinchillas and
guinea pigs have been used as cholesteatoma models (50, 51).
Recently, it was also reported that overexpression of KGF by elec-
troporation of KGF cDNA leads to cholesteatoma formation in
rats (52). In that study, the authors reported that repeated intro-
ductions of KGF for 2 months led to bone resorption. However,
most of these animal models involved relatively large rodents. For
molecular analysis of pathogenesis, the mouse is a more suitable
animal model due to its uniform genetic background and its facil-
ity for genetic modification. In this study, we succeeded in estab-
lishing a mouse model by reconstructing the epidermal cyst-like
tissue composed of keratinocytes and fibroblasts. In this model,
we detected osteoclastogenesis on the bone surface; however,
bone destruction was not detected. We could not examine the
long-term effect of cysts on bone destruction because cysts grad-

FIG 5 Soluble factors secreted by keratinocytes stimulate the expression of RANKL in ear pinna-derived fibroblasts in a MyD88-independent manner. (A) Tlr4
mRNA expression in calvarial osteoblasts and ear pinna-derived fibroblasts. (B) Effect of LPS on Tnfsf11 mRNA expression in ear pinna-derived fibroblasts,
measured by RT-qPCR analysis. (C) Effect of Myd88 knockout on Tnfsf11 mRNA expression in response to LPS (left) and supernatant from keratinocyte culture
(right), measured by RT-qPCR analysis. (D) Effects of recombinant mouse galectin-3, VEGF, Cxcl-1, and Cxcl-16 proteins on Tnfsf11 mRNA expression in ear
pinna-derived fibroblasts, measured by RT-qPCR analysis. (E) Effect of PGE2 on Tnfsf11 mRNA expression in ear pinna-derived fibroblasts, measured by
RT-qPCR analysis. Data are presented as means � SD. *, P 	 0.05; **, P 	 0.01; ns, not significant (determined by ratio paired t test [B and E] and Welch’s t test
[C and D].
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ually became smaller after 1 week. Some factors and/or cells seem
to be needed for the maintenance of cysts.

The intercellular communication between keratinocytes and
fibroblasts has been an area of focus, both for physiological states
such as normal skin and for pathological states such as psoriasis or
cholesteatoma. Using our mouse model, we demonstrated that
their cross talk also is involved in the regulation of the expression
of RANKL. Previous studies have shown that keratinocytes ex-
press RANKL especially when they were irradiated by ultraviolet
light (53, 54). However, our data revealed that RANKL was
scarcely expressed in keratinocytes of epidermal cyst-like tissue.
Instead, fibroblasts stimulated by keratinocytes highly expressed
RANKL. The upstream signaling pathways of RANKL are not fully
understood. LPS, IL-1�, IL-6, parathyroid hormone (PTH),
1�,25-dihydroxyvitamin D3 [1�,25(OH)2D3], and PGE2 are
known to be involved in the expression of RANKL in osteoblasts.
LPS and IL-1� activate the expression of RANKL through calci-
um/protein kinase C signals via MyD88 (55). Although IL-1 is
well-known to be produced by keratinocytes, RANKL induction
by keratinocyte supernatant was not affected by knockout of
Myd88, indicating IL-1 is not involved in this reaction. Our cyto-

kine array analysis has produced 18 candidates for RANKL induc-
ers secreted by keratinocytes. Previous reports showed that
galectin-3, urokinase, SLPI, and VEGF were expressed in choleste-
atoma (32–35). In our experiment, Lgals3 and Vegfa mRNA ex-
pression was relatively higher in keratinocytes than in fibroblasts.
Even in clinical samples, immunohistochemistry has demon-
strated that the expression of galectin-3 is higher in the epithelial
layer than in subepithelial connective tissue (56). Galectin-3 is a
positive regulator of IL-6 in synoviocytes or fibroblasts (57, 58).
Since IL-6 induces RANKL in osteoblasts (59, 60), it is conceivable
that keratinocyte-derived galectin-3 could regulate RANKL ex-
pression in fibroblasts through the induction of IL-6. VEGF also
seems to be closely associated with bone metabolism, as it has been
reported to regulate osteoclast survival and mobility as well as
RANKL expression in an osteoblastic cell line (61). However, nei-
ther galectin-3 nor VEGF had direct effects on RANKL expression
in fibroblasts. In contrast, we confirmed that PGE2 has a signifi-
cant effect on RANKL expression in ear pinna-derived fibroblasts.
PGE2 can be produced in a variety of cell types, including fibro-
blasts and keratinocytes (37, 62). Therefore, PGE2 is a potential
candidate for a RANKL inducer through the intracellular commu-
nication between keratinocytes and fibroblasts. RANKL is known
to be expressed in several normal tissues, including thymus and
mammary gland (24, 63, 64). In addition, we found RANKL was
expressed in subepithelial connective tissue of normal skin and ear
pinna. In these tissues, hypodermal tissue and muscle separate
RANKL-expressing dermis from bone surfaces. This may hamper
osteoclast formation.

Currently, the only therapy for cholesteatoma is surgical re-
moval; however, there are some drawbacks to this treatment.
Complications of surgery, such as deafness, dizziness, and facial
nerve palsy, can sometimes occur (65–67). Furthermore, it some-
times makes it difficult to identify recurrent or residual choleste-
atoma (68, 69). Preventing secondary infection by aspiration of
debris makes cholesteatoma less aggressive and decreases compli-
cations; however, regular treatment is needed throughout life.
Therefore, a more definitive nonsurgical remedy is required. Sup-
pression of osteoclastogenesis or osteoclast function has already
been identified as a therapeutic target for bone diseases such as RA
or osteoporosis (29, 70, 71). Our findings unveiled that intercel-
lular communication between keratinocytes and fibroblasts is in-
volved in the differentiation of osteoclasts, which may provide the
molecular basis for a new therapeutic strategy for cholesteatoma-
induced bone destruction.
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