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ABSTRACT

Cholesteatoma starts as a retraction of the tympanic
membrane and expands into the middle ear, eroding
the surrounding bone and causing hearing loss and
other serious complications such as brain abscess and
meningitis. Currently, the only effective treatment is
complete surgical removal, but the recurrence rate is
relatively high. In rheumatoid arthritis (RA), osteo-
clasts are known to be responsible for bone erosion
and undergo differentiation and activation by recep-
tor activator of NF-κB ligand (RANKL), which is
secreted by synovial fibroblasts, T cells, and B cells.
On the other hand, the mechanism of bone erosion
in cholesteatoma is still controversial. In this study, we
found that a significantly larger number of osteoclasts
were observed on the eroded bone adjacent to
cholesteatomas than in unaffected areas, and that

fibroblasts in the cholesteatoma perimatrix expressed
RANKL. We also investigated upstream transcription
factors of RANKL using RNA sequencing results
obtained via Ingenuity Pathways Analysis, a tool that
identifies relevant targets in molecular biology sys-
tems. The concentrations of four candidate factors,
namely interleukin-1β, interleukin-6, tumor necrosis
factor α, and prostaglandin E2, were increased in
cholesteatomas compared with normal skin. Further-
more, interleukin-1β was expressed in infiltrating
inflammatory cells in the cholesteatoma perimatrix.
This is the first report demonstrating that a larger-
than-normal number of osteoclasts are present in
cholesteatoma, and that the disease involves upregu-
lation of factors related to osteoclast activation. Our
study elucidates the molecular basis underlying bone
erosion in cholesteatoma.

Keywords: cholesteatoma, osteoclast, fibroblast,
receptor activator of NF-κB ligand (RANKL), RNA
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INTRODUCTION

Cholesteatoma, a chronic ear disease that causes
hearing loss and ear discharge, is a squamous
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epithelial lesion that arises from a portion of the
tympanic membrane and expands into the middle ear
as a cyst or pouch. It consists of three components: the
matrix, perimatrix, and cystic content (Kuo et al. 2015).
The matrix is composed of keratinizing stratified
squamous epithelium. The perimatrix surrounds the
matrix and contains collagen fibers, fibroblasts, and
inflammatory cells. The cystic content is the most
internal component and consists of keratin debris and
necrotic tissues. Cholesteatoma is characterized by both
overgrowth of keratinized squamous epithelium and
bone erosion in the middle ear (Chen et al. 2015;
Olszewska et al. 2004), and it eventually causes various
complications such as conductive and/or sensorineural
hearing loss, vestibular dysfunction, facial nerve palsy,
and fatal intracranial complications, i.e., brain abscess
andmeningitis. The only effective treatment is complete
surgical excision, but the postoperative recurrence rate
remains unsatisfactory (Tomlin et al. 2013).

Although the pathogenesis of cholesteatoma has
been studied and discussed for a long time, the
mechanism of the associated bone resorption remains
unclear. Osteoclast activation (Chole 1984; Hamzei
et al. 2003; Si et al. 2015), pressure necrosis
(Abramson et al. 1984; Huang et al. 1990), acid lysis
(Iino et al. 1983; Koizumi et al. 2015), enzymatic
mediators (Jung et al. 2004; Kobayashi et al. 2005),
inflammatory mediators (Cheshire et al. 1991; Chi
et al. 2015; Kuczkowski et al. 2011; Si et al. 2015), and
combinations of two or more of these mechanisms
have been proposed thus far.

Whether or not osteoclasts are present in
cholesteatoma has been controversial. Although mor-
phological studies used light or electron microscopy
to demonstrate the presence of osteoclasts on bone
surfaces around cholesteatoma lesions (Chole 1984; Si
et al. 2015; Uno and Saito 1995), they did not
compare the number of osteoclasts in control areas.
Bone remodeling is characterized by a balance
between bone resorption by osteoclasts and bone
formation by osteoblasts (Takayanagi 2007). When
this balance tilts to either side, various skeletal
disorders may occur. Since osteoclasts exist to some
extent even on normal (non-inflammatory) bone
surfaces, so as to maintain bone homeostasis, in
disease states, it is crucial to compare lesional and
non-lesional regions. Of note, the absence of osteo-
clasts in cholesteatoma has also been reported
(Koizumi et al. 2017).

Osteoclasts are multinuclear and differentiate from
monocyte-lineage hematopoietic precursor cells (Boyle
et al. 2003). The differentiation and activation of
osteoclasts are regulated by macrophage colony-
stimulating factor (M-CSF) and receptor activator of
nuclear factor κB ligand (RANKL) (Teitelbaum and
Ross 2003). Overproduction of RANKL is implicated in a

variety of degenerative bone diseases, such as rheuma-
toid arthritis (RA) (Kim et al. 2007; Takayanagi et al.
2000) and periodontitis (Cochran 2008; Fujihara et al.
2014). In these disorders, the major sources of RANKL
are proposed to be fibroblast-like synoviocytes or
immune cells such as T lymphocytes and macrophages
that infiltrate into the lesional area (McInnes and Schett
2011). In patients with RA, macrophages and T helper
17 (Th17) cells express proinflammatory cytokines such
as tumor necrosis factor α (TNF-α), interleukin-1 (IL-1),
and interleukin-6 (IL-6) (Sato et al. 2006), which
stimulate synoviocytes to express RANKL (Kim et al.
2007). Likewise, inflammation has been confirmed to be
essential for cholesteatoma formation, growth, and
expansion, including the bone resorption process
(Likus et al. 2016; Peek et al. 2003; Xie et al. 2016;
Yetiser et al. 2002). IL-1, IL-6, TNF-α, and prostaglandin
E2 (PGE2) have been investigated as inflammatory
mediators of cholesteatoma progression. They are
assumed to enhance bone resorption by activating
osteoclasts (Jung and Juhn 1988; Kuczkowski et al.
2011; Vitale and Ribeiro Fde 2007). Si et al. (Si et al.
2015) reported that toll-like receptor-4 (TLR-4) signal-
ing induced inflammatory mediators in cholesteatoma
and caused bone resorption. On the other hand, it is still
unclear whether osteoclasts are involved in the bone
destruction caused by cholesteatoma, whether an in-
creased number of osteoclasts are present on the bone
surface, and what intercellular communications activate
and differentiate osteoclasts.

The objectives of the current study were to
investigate whether osteoclasts proliferated on the
bone surface adjacent to cholesteatoma, to examine
whether the microenvironment in the cholesteatoma
perimatrix is suitable for differentiation and activation
of osteoclasts, and to propose candidate upstream
transcription factors for stimulating osteoclastogenesis
in cholesteatoma using thorough computer analyses.

MATERIALS AND METHODS

Patients and Tissue Samples

Twenty-four cholesteatoma specimens from 24 pa-
tients who underwent tympanomastoidectomy were
examined in the current study. The specimens were
collected along with the surrounding eroded bone.
The temporal mastoid bone and retroauricular skin
at the incision site were also collected as controls.
Since there is no tissue in the middle ear that has
the same structure as cholesteatomas, we adopted
the retroauricular skin as the best control for
cholesteatoma. The current study was approved by
the ethics committee of Osaka University Hospital
(No. 135543).
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Histological Techniques

The specimens for histological analyses were fixed in
4 % paraformaldehyde (PFA) overnight, and then
bone-connected cholesteatomas and control bones
were decalcified for 7 days in 10 % ethylene diamine
tetra-acetic acid (EDTA) diluted in 0.1 M phosphate
buffer (pH 7.4). These samples were embedded in
paraffin. For pathological observation, deparaffinized
sections at a thickness of 3 μm were stained with
hematoxylin and eosin.

Tartrate-Resistant Acid Phosphatase Staining and
Osteoclast Counting

Osteoclasts were stained using tartrate-resistant acid
phosphatase (TRAP)-hematoxylin counterstaining.
Samples were cut into 5-μm-thick sections and TRAP
stained with a TRAP Staining kit (Cosmo, Tokyo,
Japan). Briefly, the sections were deparaffinized using
xylene and ethanol, rinsed in running distilled water
for 5 min, incubated in 100 μl of staining solution at
room temperature for 30 min, and then rinsed in
distilled water. Following counterstaining in hematox-
ylin, they were washed in running water for 5 min and
dehydrated on a 37 °C heat plate. They were then
dropped into xylene and mounted with HSR solution.

Osteoclasts were defined by positive TRAP staining
and multiple nuclei, and by their location on the
surface of the bone (Ritchlin et al. 2003). The number
of osteoclasts was counted as reported previously
(Rehman et al. 1994). In the current study, osteoclast
numbers were normalized by cross-sectional bone
areas that were measured by Adobe Photoshop CC
software (Adobe, San Jose, CA).

RNA Isolation and Droplet Digital Polymerase
Chain Reaction

Total RNAs and cDNAs were prepared using an
RNeasy® Fibrous Tissue Mini Kit (Qiagen) and
ReverTra Ace® (Toyobo, Osaka, Japan). To quantify
RANKL mRNAs, ddPCR was performed on the QX200
droplet digital polymerase chain reaction (ddPCR)
system (Bio-Rad, Hercules, CA) using TaqMan® FAM-
labeled probes for RANKL and HEX-labeled probes
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
an endogenous control (Bio-Rad). The absolute copy
number of transcripts in reaction samples was mea-
sured using Quanta Software version 1.7.4 (Bio-Rad).

Diaminobenzidine Staining and Double
Immunofluorescent Staining

Deparaffinized sections at a thickness of 3 μm were
blocked with Protein Block (Dako, CA) for 30 min after

antigen retrieval for 10 min in Tris-EDTA (pH 9.0) in a
120 °C oil bath. For diaminobenzidine (DAB) staining,
endogenous peroxidase activity was quenched with 0.3 %
H2O2 for 30 min. Sections were then stained overnight at
4 °C with anti-RANKL antibody (rabbit polyclonal IgG,
1:100, Abcam, Cambridge, United Kingdom). A
Vectastain® elite ABC kit 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). Normal rabbit IgG was
used as the isotype control. For double immunofluores-
cent staining, sections were then incubated with anti-
RANKL antibody (rabbit polyclonal IgG, 1:100, Abcam,
Cambridge, UK) and anti-vimentin antibody (mouse
monoclonal IgG1, no dilution, Dako, CA) overnight at
4 °C. Instead of anti-RANKL antibody, normal rabbit IgG
was used as an isotype control for RANKL protein
detection. The sections were washed in phosphate-
buffered saline (PBS) following each incubation. Subse-
quently, the sections were incubated with Alexa Fluor®
555-conjugated goat anti-rabbit IgG (1:500, Invitrogen),
Alexa Fluor® 488-conjugated goat anti-mouse IgG
(1:500, Invitrogen), and Hoechst® 33,342 (1:1000, Mo-
lecular Probes, OR) at room temperature for 1 h. After
rinsing with PBS, the sections were mounted in Mowiol®
(Wako, Osaka, Japan) on glass slides. Images were
acquired under a laser scanning microscope (FV1200,
Olympus, Tokyo, Japan).

Laser Microdissection

Cryosections of cholesteatoma and skin at a thickness
of 10 μm were prepared on foil slides (Leica, Wetzlar,
Germany). Sections were processed by RNAlater™
Solution (Invitrogen), stored overnight at − 80 °C
and then stained with 0.05 % toluidine blue for 1 min.
The perimatrix region in each cholesteatoma speci-
men and the dermal region in each skin sample were
identified depending on the positions of the matrix
and epidermal regions, and isolated from sections
with a LMD7000 laser microdissection system (Leica).
RNA was isolated from the fragments using an
RNeasy® Micro Kit (Qiagen).

RNA Sequencing and Bioinformatics Analyses

Total RNAs were extracted from cells with an
RNeasy® Micro Kit (Qiagen). NGS library preparation
was performed using a SMARTer® Stranded Total
RNA Sample Prep Kit–Pico Input Mammalian
(TaKaRa, Shiga, Japan). Sequencing was performed
on an Illumina HiSeq 2500 platform in a 75-base
single-end mode. Illumina CASAVA ver. 1.8.2 software
was used for basecalling. Sequenced reads were
mapped to the human reference genome sequences
(hg19) using TopHat v2.0.13 in combination with
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Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. The
fragments per kilobase of exon per million mapped
fragments were calculated using Cuffnorm ver. 2.2.1.
The Subio Basic Plug-in (v1.22; Subio Inc.) was used
to determine the fold-difference and perform the
paired t test. Bioinformatics analyses were performed
using the PANTHER Classification System (http://
www.pantherdb.org/) for functional annotation and
Ingenuity Pathway Analysis (Qiagen, http://
www.ingenuity.com) for upstream regulator analysis.
The raw data have been deposited in the NCBI Gene
Expression Omnibus database (GSE116142). Up-
stream regulator analysis is useful for defining biological
interactions predicted to be upregulated or downregu-
lated based on the expression changes observed in gene
sets. Statistical analyses of these predictions were carried
out to calculate the activation z-score, which is designed
to ensure that gene sets composed of randomly chosen
perturbed genes with random regulatory influences do
not on average produce significant results according to
the Ingenuity Downstream Effect Analysis whitepaper
(http://pages.ingenuity.com/rs/ingenuity/images/
0812%20downstream_effects_analysis_whitepaper.pdf).

Enzyme-Linked Immunosorbent Assay

All cholesteatoma and skin samples were weighed and
then sonicated by Sonifier 250 (Branson, Danbury,
CT) in PBS. For the PGE2 assay, 10 μM of indometh-
acin was added to the homogenate buffer. The
supernatant of centrifuged samples was measured for
concentrations of TNF-α, IL-1β, IL-6, and PGE2. For
TNF-α, IL-1β, and IL-6 assays, sandwich enzyme-linked
immunosorbent assay (ELISA) (human TNF-α uncoat-
ed ELISA, human IL-1β uncoated ELISA, and human
IL-6 uncoated ELISA, respectively; Invitrogen) was
used. For the PGE2 assay, competitive ELISA (PGE2
ELISA Kit, Enzo) was used. The enzyme reaction was
measured at an optical density of 405 nm. Standard 4-
parameter logistic curves were prepared by plotting
the absorbance values.

In Situ Hybridization

We purchased a plasmid containing the whole cDNA
sequence of IL-1β (IMAGE clone ID 3875593) to
obtain RNA probes. An IL-1β antisense probe was
produced via the cDNA clone digested with EcoRV
and T7 polymerase. The antisense probe was 1559 bp,
1522 bp of which was from the IL-1β cDNA. An IL-1β
sense probe was produced via the cDNA clone
digested with Apa1 and SP6 polymerase. Both probes
were labeled using a DIG RNA labeling kit (Roche,
Indianapolis, IN).

Frozen sections at a thickness of 5 μm were fixed in
4 % PFA in PBS at room temperature for 10 min and

immersed in 0.2 M HCl at room temperature for
10 min. Subsequently, they were treated in 4.2 μg/ml
proteinase K in PBS at 37 °C for 5 min. The samples
were immersed in 0.1 M triethanolamine pH 8.0,
followed by acetylation with 0.25 % deionized form-
amide, 25 % 20× saline sodium citrate (SSC),
200 μg/ml yeast tRNA, and 25 % dH2O. Unbound
probes were washed with a descending SSC series,
followed by blocking for 1 h at room temperature with
1 % blocking buffer (Blocking Reagent, Roche) in
PBS. Slides were incubated at room temperature for
1 h at a 1:1000 dilution of anti-digoxigenin-alkaline
phosphatase (Roche Diagnostics, Germany) in 1 %
blocking buffer. Samples were reacted overnight at
room temperature with nitro blue phosphate/5-bro-
mo,4-chloro, 3-indolil phosphate (Roche) in a detec-
tion buffer containing 0.1 M Tris-HCl, 0.1 M NaCl,
and 0.05 M MgCl2. Slides were mounted in
Fluoromount (Cosmo Bio, Tokyo, Japan) and viewed
under an OLYMPAS DP80 microscope.

Statistical Analysis

All data in the figures are displayed as mean ±
standard error of mean values, and the Wilcoxon
signed rank test was performed to assess statistical
significance between two groups, using GraphPad
Prism® version 7 (GraphPad Software, La Jolla, CA,
USA). P G 0.05 was considered significant.

RESULTS

More Osteoclasts Are Seen on the Bone Surface
Adjacent to Cholesteatomas than in Non-Lesional
Areas

Twenty-four specimens collected from patients who
underwent tympanomastoidectomy were assessed in
this analysis. In each patient, fragments of temporal
bone far from cholesteatoma lesions were collected as
controls. To investigate the existence of osteoclasts on
the bone surface adjacent to cholesteatomas, we used
TRAP staining. TRAP-positive polynuclear osteoclasts
were seen on the bone surface adjoining each
cholesteatoma (Fig. 1a, b). The number of osteoclasts
per μm2 on the bone surface adjacent to
cholesteatomas was significantly larger (Wilcoxon
signed-rank test, p = 0.0203) than on the surface of
control bone (Fig. 1c).

Expression of Receptor Activator of NF-κB Ligand
mRNA Is Higher in Cholesteatomas than in
Normal Skin

To confirm that osteoclasts were differentiated and
activated in the cholesteatoma microenvironment, we
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measured the expression of RANKL mRNA.
RANKL is an essential factor for the differentiation
and activation of osteoclasts (Takayanagi 2007).
ddPCR was used to quantify RANKL mRNA expres-
sion both in cholesteatoma samples and in the

retroauricular skin as a control. The expression of
RANKL mRNA corrected by GAPDH mRNA was
significantly higher in cholesteatomas (n = 9) than
in control skin (Wilcoxon signed-rank test, p =
0.0273) (Fig. 2a).

FIG. 1. Elevated numbers of osteoclasts are present on the bone
surface adjacent to cholesteatoma lesions. a Osteoclast cytoplasm is
stained red using TRAP (scale bar: 10 μm). Multiple nuclei are
stained blue. b Osteoclasts (arrows) are observed on the bone surface
adjacent to cholesteatoma lesions (scale bar 50 μm). c The number

of osteoclasts per μm2 on the bone surface adjacent to cholesteatoma
lesions was larger than those on the surface of non-
cholesteatomatous bone (N = 24). The asterisk indicates a statistically
significant difference

FIG. 2. Fibroblasts in the cholesteatoma perimatrix express
RANKL. a Expression of RANKL mRNA in cholesteatoma, corrected
for GAPDH mRNA, is significantly higher than in control skin (n = 9).
The asterisk indicates a statistically significant difference. b DAB
staining for RANKL in the cholesteatoma perimatrix, counterstained
with hematoxylin (scale bars 50 μm). c Immunofluorescent staining

of the cholesteatoma perimatrix. Co-localization of vimentin and
RANKL immunofluorescence shows that fibroblasts in the perimatrix
express RANKL. RANKL was labeled with Alexa Fluor® 555, and
vimentin was labeled with Alexa Fluor® 488. Nuclei were stained
with Hoechst® 33342 (scale bars: 10 μm)
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Fibroblasts in Cholesteatomas Express Receptor
Activator of NF-κB Ligand

To identify the cellular source of RANKL expression,
cholesteatoma sections were subjected to immunohis-
tochemical analysis. RANKL-positive cells with spindle
shapes were seen in the cholesteatoma perimatrix on
DAB-stained slides (Fig. 2b). Furthermore, double
immunofluorescent staining showed co-expression of
vimentin and RANKL, indicating that RANKL was
expressed in fibroblasts in the cholesteatoma
perimatrix (Fig. 2c).

RNA Sequencing and Gene Ontology Analysis
Show that the Cholesteatoma Microenvironment
Is Suitable for Osteoclast Differentiation and
Activation

One sample each of cholesteatoma perimatrix and
retroauricular dermis were derived from six patients
and dissected out by laser microdissection as shown in
Fig. 3a. The fragments underwent RNA sequencing to
generate transcriptome profiles (Table S1). RNA
sequencing showed that the average of expression
levels of RANKL mRNA in the cholesteatoma
perimatrix was 4.54-fold higher than those in the
dermis. The expression levels of 1423 transcripts
differed by at least 2-fold (paired t test, p G 0.05)
between the cholesteatoma perimatrix and dermis
(Table S2). Referring to the public data of 69

periodontitis patients (Demmer et al. 2008), we found
marked similarities in the gene-expression profiles of
the cholesteatoma perimatrix and gingival tissue with
periodontitis by NextBio analysis (Fig. 3b). To inves-
tigate the relationship between cholesteatoma and
osteoclast differentiation, these mRNAs were subject-
ed to gene ontology (GO) analysis using the PAN-
THER™ C l a s s i f i c a t i o n S y s t em (h t t p : / /
www.pantherdb.org/). GO analysis revealed that ex-
pression levels of this gene set (GO: 0045780, GO
term: positive regulation of bone resorption) were
significantly higher (PANTHER™ Overrepresentation
Test released March 8, 2019; p = 0.0194) in the
cholesteatoma perimatrix than in the dermis.

Ingenuity Pathway Analysis and Upstream
Analysis Identify Candidate Transcription Factors
that Regulate Receptor Activator of NF-κB Ligand
Expression

We used Ingenuity Pathway Analysis (IPA), a tech-
nique that identifies candidate biomarkers in the
context of biological systems, to investigate which
factors control RANKL express ion in the
cholesteatoma perimatrix. Causal Network Analysis, a
component of IPA, reveals causal relationships associ-
ated with experimental data. mRNAs with at least a 2-
fold absolute difference (paired t test, p G 0.05)
between the cholesteatoma perimatrix and dermis
were used for IPA. Sixty-two candidate transcription

ba

FIG. 3. Osteoclast differentiation is positively regulated in the
cholesteatoma perimatrix. a Illustration of the technique used to
dissect the perimatrix and dermis from the cholesteatoma and skin by
laser microdissection. b Significance of the overlap between gene

sets of cholesteatoma tissue and gingival tissue with periodontitis.
The scale of the bars is measured in -log (P value). The accession
number for the public data used for the graphs is GE16134
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factors upstream of RANKL were identified in the
cholesteatoma perimatrix (Table 1). Candidates with
IPA-derived z-scores over 2 were considered signifi-
cantly activated.

The Concentrations of IL-1β, IL-6, TNF-α, and
PGE2 in Cholesteatomas Are Higher than Those
in the Skin

Among the candidate upstream transcription factors
for RANKL identified by IPA, IL-1β, IL-6, TNF-α, and
PGE2 are inflammatory cytokines or chemical medi-
ators considered to be related to bone destruction by
osteoclasts (Akaogi et al. 2006; Kim et al. 2014; Kim
et al. 2007). We measured protein levels of these
candidates by ELISA. The actual concentrations of
IL-1β, IL-6, TNF-α, and PGE2 in cholesteatomas were
significantly higher (Wilcoxon signed-rank test, p =
0.0137, 0.0234, 0.0215, and 0.0186, respectively) than
those in the skin (Fig. 4a–d). In situ hybridization
showed that mononuclear infiltrating cells in the
cholesteatoma perimatrix expressed IL-1β mRNA.
Keratinocytes in the matrix and fibroblasts in the
perimatrix of cholesteatomas did not express IL-1β
mRNA (Fig. 4e).

DISCUSSION

In cholesteatoma, it remains unclear whether osteo-
clasts are differentiated and activated and whether
they are involved in bone erosion. Bone remodeling,
a continuous process involving bone resorption by
osteoclasts and bone formation by osteoblasts, is
needed to repair damaged bones and maintain
mineral homeostasis (Raggatt and Partridge 2010).
Osteoclastic resorption has been reported in the
human temporal bone without inflammation or
bone disease (Kamakura and Nadol 2017). It is
therefore important and necessary to compare
osteoclasts derived under pathologic and physiolog-
ical conditions. Prior to this study, there was no
published information regarding the number of
osteoclasts per unit area on normal temporal bone,
so here, we defined control bone as non-diseased
temporal bone in patients with cholesteatoma.
Histological examination by TRAP staining demon-
strated a larger number of osteoclasts on the bone
surface adjacent to cholesteatomas than on control
bone, suggesting that osteoclasts were differentiat-
ed and activated in cholesteatoma and played an
important role in bone erosion. The number of
osteoclasts per unit area was proportional to the

degree of cholesteatoma invasion, but this relation-
ship was not significant (data not shown).

Osteoclast differentiation and activation are
regulated by RANKL and M-CSF (Boyle et al.
2003). In bone disease with inflammation, such as
that characterizing RA or periodontitis, RANKL-
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TABLE 1

Sixty-two candidate upstream transcription factors for RANKL
expression in the cholesteatoma perimatrix

Activation z-score Activation z-score

Lipopolysaccharide 8.866 NfkB1-RelA 3.25
TNF 8.427 ITGB1 3.25
IL1B 7.446 ATF4 3.241
IL6 6.703 IL18 3.229
NFkB (complex) 6.43 Lipoteichoic acid 3.218
IFNG 6.107 ANGPT2 3.16
CD28 6.054 Tnf (family) 3.153
TGFB1 5.824 SPP1 3.051
CD3 5.731 IL1A 5.612
OSM 5.501 IL32 2.927
Doxorubicin 5.33 ATP 2.857
E. coli B5
lipopolysaccharide

5.259 miR-1227-5p 2.849

MYD88 5.197 SP1 2.834
IL1 4.974 MAPK3 2.819
cytokine 4.83 AKT1 2.78
TLR4 4.821 Ca2+ 2.72
Hydrogen peroxide 4.8 LIF 2.694
P38 MAPK 4.762 Isoproterenol 2.675
IL17A 4.553 ADRB2 2.621
TNFSF11 4.527 NFATC1 2.611
IL2 4.462 PTH 2.609
IL15 4.455 miR-6795-3p 2.605
STAT1 4.429 CEBPD 2.601
miR-6762-5p 4.335 miR-3070-5p 2.592
AGT 4.332 PRL 2.584
CREB1 4.239 Beta-estradiol 2.582
Tretinoin 4.234 PLG 2.582
TICAM1 4.141 Bucladesine 2.487
miR-7113-5p 4.058 Ethanol 2.463
TCR 4.029 IL23 2.416
STAT3 4.019 TNC 2.376
Prostaglandin E2 4.01 ITGA9 2.371
miR-128-1-5p 3.964 RUNX2 2.302
PTGS2 3.958 miR-4749-3p 2.278
CD40LG 3.927 miR-1915-3p 2.269
FGF2 3.896 VitaminD3-VDR-

RXR
2.261

IL7 3.886 Histamine 2.259
IL21 3.847 PGR 2.254
HMGB1 3.793 NCR2 2.236
CEBPB 3.608 Stat3-Stat3 2.219
Reactive oxygen
species

3.602 Sphingosine-1-
phosphate

2.198

Ionomycin 3.585 ADAM17 2.189
XBP1 3.541 FOS 2.183
EGR1 3.518 miR-6887-3p 2.152
IL27 3.481 LEP 2.131
IL33 3.456 CXCL12 2.062
IL6R 3.294 IL4 2.059
NOD2 3.293 miR-5104b-5p 2.023



mediated osteoclastogenesis plays an important
role in bone destruction (Hienz et al. 2015;
McInnes and Schett 2011). However, it remains
controversial whether cholesteatoma expresses
RANKL (Chen et al. 2015; Jeong et al. 2006;
Koizumi et al. 2016; Kuczkowski et al. 2010). In
the current study, ddPCR and RNA sequencing
demonstrated that the expression of RANKL mRNA
in human cholesteatoma samples was higher than
that in retroauricular skin, suggesting that osteo-
clasts in cholesteatoma were activated by RANKL.
With regard to the origin of RANKL, immunoflu-
orescent staining of cholesteatoma samples showed
vimentin-positive, spindle-shaped cells in the
perimatrix that were considered to be fibroblasts
expressing RANKL. This finding supports the
results of our previous study, in which fibroblasts
surrounding the epithelial lamina expressed
RANKL in both a mouse model and an in vitro
culture system (Iwamoto et al. 2016).

We further investigated the gene profile of the
perimatrix by RNA sequencing, which can provide

comprehensive information regarding the gene
expression of mRNAs. Using GO analysis, RNA
sequencing results can be functionally interpreted
via enrichment analysis. Given a set of genes that are
upregulated under certain conditions, GO term
enrichment analysis can determine which GO terms
are over- or under-represented by using annotations
for that gene set (Ashburner et al. 2000). In
addition, IPA is a powerful analysis and search tool
that can identify new targets or candidate bio-
markers within the context of biological systems.
IPA Upstream Regulator analysis makes it possible to
identify the cascade of upstream transcription fac-
tors responsible for gene expression changes in a
dataset, and to illuminate the biological activities
occurring in both diseased and non-diseased tissues.
These candidate transcription factors include cyto-
kines, growth factors, miRNAs, drugs, and chemicals
(https://www.qiagenbioinformatics.com/) (Kramer
et al. 2014). In the current study, RNA sequencing
revealed that RANKL mRNA was more highly
expressed in the cholesteatoma perimatrix than in

FIG. 4. Concentrations of IL-1β, IL-6, TNF-α, and PGE2 in
cholesteatomas. a–d ELISA measurements show that the concentra-
tions of IL-1β, IL-6, TNF-α, and PGE2 are higher in cholesteatoma
than in skin (n = 11). The asterisks indicate statistically significant

differences. e Mononuclear infiltrating cells in the cholesteatoma
perimatrix express IL-1β mRNA, as shown in the left panel using in
situ hybridization. The right panel shows in situ hybridization using a
sense probe as a negative control (scale bars 50 μm)
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the dermis in samples. The GO term “positive
regulation of bone resorption” was significantly
over-represented, indicating that the microenviron-
ment of the cholesteatoma perimatrix promoted
bone resorption. Positive correlation with gingival
tissue with periodontitis revealed by NextBio anal-
ysis indicated that the pathology of cholesteatoma
was similar with that of periodontitis which was a
degenerative bone disease.

Using IPA analysis, we identified candidate
transcription factors upstream of RANKL. These
inc luded l ipopo l y sacchar ide (LPS) , pre -
inflammatory cytokines, and other mediators
(Table 1), which is consistent with the theory that
these substances lead to bone destruction (Si et al.
2015). LPS, directly and/or indirectly, may upreg-
ulate RANKL expression in the cholesteatoma
perimatrix.

We investigated whether cholesteatomas contained
transcription regulators that would induce the
cholesteatoma perimatrix to express RANKL. ELISA
revealed that the concentrations of IL-1β, IL-6, TNF-α,
and PGE2 in cholesteatomas were higher than those
in the skin. These compounds are well known to be
major contributors to osteoclastogenesis in RA and
periodontitis. In particular, the IL-1 family is abun-
dantly expressed in RA and promotes osteoclast
activation (McInnes and Schett 2007). Thus, a similar
pathway leading to osteoclast activation is suggested to
occur in cholesteatoma.

A monoclonal anti-TNF-α antibody was reported
to attenuate the progression of joint damage in
patients with RA and has been widely used in RA
treatment (Lipsky et al. 2000). An IL-1 receptor
antagonist and an anti-IL-6 receptor antibody were
also reported to reduce arthritis symptoms in
patients with RA (Bresnihan et al. 1998; Choy
et al. 2002). These molecular-targeted agents may
suppress signaling from the upstream molecules
identified in the current study and inhibit bone
erosion in cholesteatoma. The current study pro-
poses the possibility of non-surgical treatment for
preventing bone erosion in cholesteatoma and
provides a strategy for formulating ear drop
solutions that contain either these molecular-
targeted agents or cyclooxygenase-2 inhibitors,
which reduce PGE2 production. Further studies
will be needed to evaluate the effectiveness and
adverse reactions of these agents.
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