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Large-Scale Proteomics Differentiates Cholesteatoma
from Surrounding Tissues and Identifies Novel Proteins
Related to the Pathogenesis
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Abstract

Cholesteatoma is the growth of keratinizing squamous epithelium in the middle ear. It is associated with severe
complications and has a poorly understood etiopathogenesis. Here, we present the results from extensive bioinformatics
analyses of the first large-scale proteomic investigation of cholesteatoma. The purpose of this study was to take an unbiased
approach to identifying alterations in protein expression and in biological processes, in order to explain the characteristic
phenotype of this skin-derived tumor. Five different human tissue types (cholesteatoma, neck of cholesteatoma, tympanic
membrane, external auditory canal skin, and middle ear mucosa) were analyzed. More than 2,400 unique proteins were
identified using nanoLC-MS/MS based proteomics (data deposited to the ProteomeXchange), and 295 proteins were found
to be differentially regulated in cholesteatoma. Validation analyses were performed by SRM mass spectrometry. Proteins
found to be up- or down-regulated in cholesteatoma were analyzed using Ingenuity Pathway Analysis and clustered into
functional groups, for which activation state and associations to disease processes were predicted. Cholesteatoma
contained high levels of pro-inflammatory S100 proteins, such as ST00A7A and S100A7. Several proteases, such as ELANE,
were up-regulated, whereas extracellular matrix proteins, such as COL18A1 and NID2, were under-represented. This may
lead to alterations in integrity and differentiation of the tissue (as suggested by the up-regulation of KRT4 in the
cholesteatoma). The presented data on the differential protein composition in cholesteatoma corroborate previous studies,
highlight novel protein functionalities involved in the pathogenesis, and identify new areas for targeted research that hold
therapeutic potential for the disease.
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cytes, migration of external auditory canal (EAC) keratinocytes,
and embryonic remnants [3]. The presence of keratinocytes in the
tympanic cavity alone, however, does not necessarily lead to
cholesteatoma formation, which is supported by the finding of low
number of cholesteatoma formations from tympanic membrane
perforations, and the varying success rates of simple animal skin
graft models [4,5]. Accordingly, additional unknown factors are
involved in the pathogenesis of cholesteatoma. Various molecular
factors, such as differentiation [6-12], growth/proliferation [13—
17], apoptosis [18,19], inflammation [20], infection [21,22] bone
erosion, lipid metabolism [23][24] and angiogenesis [25], with
possible roles in the development and behavior of cholesteatoma
have been investigated [26]. The majority of studies have focused
only on one or a few markers for the areas of interest, and due to
differences in study design results are not easily compared between
these studies. Inflammation and bone erosion are frequent

Introduction

Cholesteatoma is a tumorous growth of keratinizing squamous
epithelia in the middle ear that is reported to affect around 7-9
people per 100.000/year in Europe [1,2]. The observed expan-
sive, destructive, and invasive characteristics share similarities with
malignant diseases, which is mirrored by the extensive surgery and
control regimens. Most patients experience severe complications
ranging from hearing loss to potentially fatal intracranial
infections, and there is a pressing need for developing medical
treatment alternatives, based on the molecular pathology.

The basis for the development of cholesteatoma is ectopic
keratinizing epithelial cells in the middle ear cavity, but its
ctiopathogenesis is not fully understood. The introduction of
keratinizing epithelia to the middle ear is thought to arise mainly
from retraction-pockets and/or thinning of the tympanic mem-

brane, which are prevalent conditions in middle ear pathology, but
may also stem from the immigration of cells through tympanic
membrane perforations, metaplasia of the middle ear keratino-
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observations, but the promoting molecular processes behind are
not fully understood. The roles of other biological processes in
cholesteatoma remain controversial.
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Technological development has greatly enhanced untargeted
OMICS-methods in transcriptomics and proteomics. These
methods can produce larger and more coherent analyses
compared to the traditional targeted analyses and aid the
development of new hypotheses. In cholesteatoma research, large
data sets have been produced by transcriptomics using micro-
arrays [27-30]. mRNA analyses are important for the process of
explaining the biology, but the interpretation of results has to be
careful due to the very low concordance (around 20%) with
protein expression [31]. Some of the most consistent findings from
mRNA studies revealed up-regulated transcripts for a number of
proteins of the S100 group [27,29,30]; many of the S100 proteins
have strong pro-inflammatory capabilities, but their role and
protein expression in cholesteatoma is not known. New approach-
es must be utilized in order to achieve a greater understanding of
the etiopathogenesis, connect the results of earlier studies, and
correlate the transcriptional profile to the protein expression.

This study is the first to employ large-scale proteomics with
subsequent bioinformatics in the investigation of cholesteatoma.
The purpose was to compare the proteomes of cholesteatoma and
its surrounding tissues, thereby taking an unbiased approach to
identify biological functions and pathways involved in the
pathogenesis of the disease. The inclusion of five distinct tissue
types in the analysis (cholesteatoma, neck of cholesteatoma,
tympanic membrane, external auditory canal skin, and middle
ear mucosa), instead of the usual two (cholesteatoma and skin), led
to the identification of protein-levels unique for these tissues.
Bioinformatics analyses were performed stringently on the most
highly-regulated proteins in cholesteatoma. The strongest results
from these analyses describe reductions/degradations of extracel-
lular matrix/basement membrane proteins, possibly caused by
inflammation induced proteolysis, which may have widespread
consequences for the integrity, differentiation and survival of the
tissue. This new overview of expression patterns and suggested
disease mechanisms may improve the understanding of the disease
and create a base for targeted analyses that focus on possible drug
targets, such as inflammatory mediators or proteases.

Materials and Methods

Ethics Statement

Tissue samples were collected by senior surgeons from patients
undergoing cholesteatoma surgery at the department for Oto-
Rhino-Laryngology Head and Neck Surgery at the Aarhus
University Hospital in Denmark. Informed written consent was
obtained from adult patients and from parents or legal guardians
on behalf of minors and children prior to surgery. All procedures
were carried out in compliance with the principles of the
Declaration of Helsinki (1964) and with the permission from
The Danish Research Ethics Committee (M-20090142). Data
handling procedures were approved by the Danish Data
Protection Agency (2010-41-4378).

Patients and samples

For the large-scale analyses nine patients were included (five
males, four females; age range: 7-77 years). Five biopsies were
taken from each patient (same side): 1) Cholesteatoma sack, 2)
Neck of cholesteatoma (the transition zone from the tympanic
membrane), 3) Tympanic membrane (location remote from
transition zone), 4) External auditory canal skin (deep part, few
millimeters from the annulus), and 5) Middle ear mucosa
(promontory area). The five tissues within a sample set were
compared to each other such that each patient was his or her own
control; this removed the effect of inter-individual differences,
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specifically, the differences in timing and inflammation state of the
disease, and made it possible to follow the development in protein
expression from apparent normal ear canal skin to pathologic
cholesteatoma tissue and to evaluate the differences between
neighboring tissues. Exclusion criteria: Unclear anatomy (no clear
transition from the tympanic membrane to the cholesteatoma
sack), use of topic/systemic corticosteroids within 2 weeks prior to
surgery, and ongoing exudative/suppurative inflammation/infec-
tion at the time of surgery. Patients had not used antibiotics within
two weeks prior to surgery.

Sample preparation and pre-fractionation

All samples were snap frozen in liquid nitrogen and stored at —
80°C until further processing. Samples were minced with a scalpel
on ice block and transferred to lysis/extraction buffer containing
T-PER buffer (PIERCE), SDS 2%, DTT 30 mmol/l added fresh,
glycerol 10%, HALT proteinase inhibitor cocktail including
EDTA (PIERCE), and immediately put on a heat shaker at
70°C for 15 min. After that, samples underwent further homog-
enization using a Micro Grinding Kit (GE Healthcare) on ice for
1.5 minutes, followed by the addition of antifoam Y-30 1%
(Sigma), sonication on ice (Branson Sonifier 250), and centrifuga-
tion at 20,000 g for 10 min, 4°C. Protein quantification of
supernatant by Protein DotMetric (G-Biosciences) and precipita-
tion/up-concentration by SDS-PAGE Clean-Up kit (GE Health-
care) were performed prior to SDS-PAGE. Equal amounts of
protein from three different patient samples were pooled to get a
sufficient total protein amount (>30 pg), resulting in three sample
sets (five tissues), each comprising three pooled patient samples
(Figure 1). GeLC-MS/MS methodology was then performed as
previously described [32]. Briefly,the proteins were pre-fraction-
ated by SDS-PAGE and digested by trypsin to prepare peptides
for LC-MS/MS (Methods S1).

LC-MS/MS and database searches

The three pools of samples were run in three separate mass
spectrometry experiments. Each experiment comprised 50 runs
(five tissue types, each split in ten fractions).

The peptide mixtures were separated by nano-liquid chroma-
tography (Easy nL.C from Proxeon, Odense, Denmark) coupled to
mass spectrometry (LTQ-Orbitrap, Thermo Fisher Scientific,
Bremen, Germany) through a nano-electrospray source with
stainless steel emitter (Proxeon, Odense, Denmark). The peptides
were separated on a reverse phase column, 75 um in diameter and
100 mm long, packed with 3.5 um Kromasil C18 particles (Eka
Chemicals, Bohus, Sweden) at a flow rate of 300 nL./minute using
a 100 min gradient of acetonitrile in 0.4% acetic acid, starting
with 5% and ending with 35% acetonitrile. The mass spectrom-
etry detection was full scan (m/z 400-2000) with Orbitrap
detection at resolution r=60,000 (at m/z 400), followed by up
to four data-dependent MS/MS scans, with linear ion trap (LTQ)
detection of the most intense ions. Dynamic exclusion of 25 s was
employed as well as rejection of charge state +1.

Raw MS files were analyzed using MaxQuant (version 1.2.2.5)
for protein identification and label-free quantification by means of
peptide peak areas [33]. For protein identification the MS/MS
spectra were searched using the Andromeda search engine [34]
against the human Uniprot database [35]; release 2012_02
containing 20,255 reviewed protein sequences. In the main
Andromeda search, precursor mass and fragment mass were
searched with the initial mass tolerance of 12 ppm and 0.5 Da,
respectively. The search included variable modifications of
methionine oxidation, N-terminal acetylation, and fixed modifi-
cation of carbamidomethylated cysteines. Minimal peptide length
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Figure 1. Simple overview of workflow. EACS: external auditory
canal skin; Tymp: tympanic membrane; Neck: neck of cholesteatoma;
Chol: cholesteatoma; Muc: middle ear mucosa; ME: Middle ear; LC:
Liquid Chromatography; MS: Mass Spectrometry.
doi:10.1371/journal.pone.0104103.g001

was set to 6 amino acids and a maximum of two missed trypsin
cleavages was accepted. The false discovery rate (FDR) was set to
0.005 and 0.002 for peptide and for protein identifications,
respectively. Peptides shared between two proteins were combined
and reported as one protein group. Identifications from the reverse
database were used only to estimate FDR of identification. Tables
of identified proteins with quantitative data can be found in Tables
S2 and S3. The mass spectrometry data from this publication,
including RAW files and peptide and protein identifications, have
been stored on the ProtecomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner
repository  [36]; with the ProteomeXchange
PXD000457.

accession:

Data treatment
The protein concentrations of the five tissue types were
equilibrated before mass spectrometry (MS) and normalization
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of the mass spectrometry-measured intensities was performed, so
that summed MS intensity for each sample was set to be equal.

Proteins that only were identified in one of the three
experiments were excluded from further analysis. Differential
expression (fold change) of the unique proteins within each
experiment was assessed by natural logarithm transformation of
the ratios. For cluster analysis and for overview distribution charts,
the level in a tissue type was divided by the average level across the
five tissue types. For the estimation of differential protein levels,
ratios from pairwise tissue comparisons were used, as described
below.

Two groups of differential level proteins were established based
on the pairwise tissue comparisons: Group A: Proteins that were
identified in all three experiments and showed two-tailed student’s
i-test p values <0.05 and a mean fold change >2x the standard
error of the mean (SEM) based on a global standard error that was
calculated from all quantified proteins within a pairwise compar-
1son; this combination of ¢-test and fold change criteria was applied
to isolate the stronger differential level estimates and has been used
in our previous work [37]; Group B: Proteins that were identified
in two or three experiments with larger variations in fold changes
but with every single fold change (every single replicate) greater
than 2 x the SEM. Only proteins that did not meet the criteria for
group A were tested against the criteria for group B. Analyzing the
protein level differences in the comparisons that included
cholesteatoma, the observed minimum fold changes of proteins
meeting the criteria ranged from 2.7-7.9 (depending on the
variation within the specific tissue comparison; Table 1).

The assumption of normality of the logarithmically-transformed
ratios was checked using qg-plots of the residuals. In order to
calculate ratios in cases of intensity values below the lower limit of
detection, zero-intensity values were exchanged with a value of
three times the lowest measured intensity value of the dataset. The
systematic presentation of data focused on cholesteatoma tissue
and on the comparison of this with the other three keratinizing
epithelia. Hierarchical clustering, based on the correlations of
expression profiles of the five tissues (Pearson’s correlation; average
linkage) was performed. For this overview of the relation of the
tissues, no criteria for fold changes were applied. Cluster 3.0
(http://bonsai.hgc.jp/ ~mdehoon/software/cluster) and Java
TreeView (http://jtreeview.sourceforge.net/) software were used
to analyze and display the data.

Bioinformatics

For initial comparison of the protein identifications from the five
tissues, pie-chart diagrams of the ‘“biological processes” of the
identified proteins in each tissue were produced using “Panther”
classification system, ver. 7.2 (http://www.pantherdb.org). For
more extensive pathway analyses Ingenuity Pathway Analysis
(IPA), Ingenuity Systems, (www.ingenuity.com) was applied. Data
sets from the pairwise tissue comparisons were uploaded to and
analyzed by Ingenuity Pathway Analysis (IPA). Filters were set to
only compare the proteins meeting the fold change criteria. The
IPA analysis consisted of two parts: First, a functional analysis,
where the sets of proteins with differentially altered levels from the
tissue comparisons were associated with known canonical path-
ways and literature-based biological functions contained in the
IPA Knowledge Base; see Methods S1 for details. In the second
part of the IPA analysis, networks of proteins with differentially
altered protein levels were algorithmically synthesized based on
the connectivity of the proteins. The top scoring network (based on
the quality and number of connections) was further explored in
STRING 9.0, (http://string-db.org) after addition of proteins with
differentially altered levels associated with the Gene Ontology,
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Table 1. Minimum fold changes of proteins meeting the group A and B criteria for fold change.

Cholesteatoma vs. Neck Tymp EACS Mucosa
Fold change thresholds Group A 7.9 3.1 27 2.6
Group B 6.2 3.8 3 3.8

ear mucosa.
doi:10.1371/journal.pone.0104103.t001

(http://www.geneontology.org), GO term “basement mem-
brane”.
The gene names used to denote the proteins refer to the HGNC

nomenclature. http://www.genenames.org/

Validation

For the validation by selected reaction monitoring (SRM) mass
spectrometry, samples from ten patients were acquired (three of
these patients were also included in the large-scale analysis).
Samples were prepared as described above but were analyzed
separately (not pooled), and only cholesteatoma and EACS tissues
were compared. For details see Methods S1.

Results

A proteomics discovery study was performed to map differences
In protein composition between cholesteatoma and neighboring
ear tissues (Figure 1). The processing of the different tissue types
were performed under the same conditions in parallel throughout
the experimental procedures from SDS gel pre-fractionation
(Figure S1) to MS analysis.

In summary, our data handling consisted of: 1) protein
identification from the peptides identified by mass spectrometry,
2) selection of consistently detected proteins for overview tissue
comparisons, and 3) selection of proteins showing marked protein
level differences between the tissues for bioinformatics analyses.

Protein identification

The three sample sets, each comprising five tissue types
(Figure 1), were analyzed in three separate mass spectrometry
experiments. More than 1700 proteins (False discovery rate <
0.002) were identified, and relatively quantified, in each of the
three experiments (Figure 2). Merging of the experiments yielded a
total of 2426 unique proteins with 72% (1738) shared by at least
two of the three experiments and 54% (1303) shared by all three
experiments.

Comparison of the protein profiles

The cluster analysis reflected the anatomical relationship
between the tissue types (Figure S2). Among the four keratinizing
epithelia, EACS was the most “distant relative”, suggesting a
gradual shift in protein expression pattern from EACS through
tympanic membrane and neck of cholesteatoma to cholesteatoma
sack, and spoke against the possibility of cholesteatoma keratino-
cytes stemming directly from EACS. A comparison of pie-chart
overviews of the protein profiles of the five tissues was performed
based on the Gene Ontology categorization “biological process”
(Figure S3). Some of the biological processes (e.g. ‘metabolic
process’ and “cellular process’) were particularly well — represent-
ed. Altogether, the five tissues showed highly similar distributions.
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Only comparisons including cholesteatoma are shown. Neck: Neck of cholesteatoma; Tymp: Tympanic membrane; EACS: external auditory canal skin; Mucosa: Middle

Sample set 1
(1743)

i

Sample set 3
(1908)

Sample set 2
(1816)

Figure 2. Identified proteins. Number and overlap of unique
proteins identified in the three separate mass spectrometry experi-
ments. In each experiment, a sample set of the five tissue types (pooled
samples from three patients) were analyzed.
doi:10.1371/journal.pone.0104103.g002

Pairwise tissue comparisons

Comparison of cholesteatoma with the four tissues (neck of
cholesteatoma, tympanic membrane, EACS and mucosa) revealed
that 26, 73, 159, and 153 proteins passed the filtering by p value
and fold change and were included in the bioinformatics analyses
(see Methods S1 and Table S1).

Bioinformatics analysis

Instead of basing the analysis on only one or a few function-
specific markers, the Ingenuity pathway analysis (IPA) performed
large-scale literature-based associations of all proteins that met the
fold change criteria (Protein groups A and B). pairwise For any
given tissue comparison, less than seven percent of all proteins
passed these criteria. This amount of pre-filtered proteins can yield
strong biological associations while maintaining a high stringency.
The top scoring ’biological functions’, ’canonical pathways’, and
’protein networks’ that were specific for cholesteatoma tissue were
compiled and summarized.

Biological functions. The IPA biological functions analysis
calculates the probability of the sets of differentially expressed
proteins being associated with known biological functions by
chance alone. Furthermore, depending on the data, IPA has the
capability to estimate whether biological functions are increased or
decreased (see Materials and Methods). In many studies, the
observed expression patterns within pathways are too chaotic for
the estimation of activation states.
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In the present study, the IPA software found a high number of
biological functions that were significantly associated with the
proteins in cholesteatoma that were up- or down-regulated and
was able to predict activation states in several cases. Table 2 shows
these predictions and leaves out all other significantly associated
biological functions for which IPA could not estimate the
activation states. Comparing cholesteatoma tissue with tympanic
membrane and EACS, the following top scoring biological
functions with indications of activation direction were identified
(Table 2): Decreased adhesion, movement, and differentiation;
Increased cell death, generation of reactive oxygen species (ROS),
and migration of endothelial cells.

Canonical pathways. The top scoring canonical pathways
from the pairwise tissue comparisons are shown in Figure 3. Nine
of the ten highest scoring pathway associations of the differentially
expressed proteins were found in tissue comparisons including
cholesteatoma indicating that this tissue type is distinct from the
others. Along with the “Glutathione-mediated Detoxification” and
“Nrf-2 mediated oxidative stress response”, the regulation of the
highest scoring pathway “elF2 Signaling” is likely a response to
cellular stress in cholesteatoma tissue. The down-regulated
proteins of the “-cell junction signaling” pathways indicate
alterations in cell to cell contact and tissue organization as also
indicated by the generated network of extracellular matrix related
proteins (Figure 4).

Networks. Based on information in the Ingenuity Knowledge
Base, IPA synthesized the strongest possible networks from the
proteins showing differential levels. Synthesized networks helped
to visualize the relationships, interactions, and possible conse-
quences of up- and down-regulations of proteins. Networks are
often complex and can involve a number of pathways. To enhance
subareas of interest, we sclected parts of the networks and
supplemented them with additional proteins. This was done using
Gene Ontology to search for related proteins followed by
STRING network analysis.

Figure 4 shows a STRING network that was built from the top
scoring synthesized network in IPA mainly consisting of proteins
for “connective tissue development and function”. Neutrophil
elastase (ELANE) and extracellular matrix protein 1 (ECMI)
proteins were up-regulated in cholesteatoma. MMP9 was slightly

Large-Scale Proteomics Differentiates Cholesteatoma from Surrounding

up-regulated compared with EACS, and clearly down-regulated
compared with the tympanic membrane. In contrast, the
remaining proteins were all down-regulated. Although these
down-regulated proteins are mostly structural proteins, various
local actions were also significantly associated, as indicated in the
simple functional overlays to the right in Figure 4.

Due to the finding of increased levels of neutrophil elastase
(ELANE) in cholesteatoma, we constructed a network of related
proteins meeting the criteria for differential protein level in one or
both of the comparisons of cholesteatoma vs. EACS or neck of
cholesteatoma vs. EACS (Figure 5). All proteins, except RNASE7,
showed increased expression in both cholesteatoma and neck of
cholesteatoma, and showed significant overlaps with the biological
process '"response to bacteria" and the molecular function
"endopeptidase activity" according to the STRING analysis. High
levels of proteins related to ‘response to bacteria’ and proteins with
protease activity were found, especially in the neck of cholestea-
toma (Figure 6); several of these proteins were leukocyte-associated
(Figure 6, left). A possible protein breakdown from bacteria
induced-inflammation is thereby likely. This can have conse-
quences for the integrity of the tissue.

Proteins with altered levels in cholesteatoma

Tables 3 and 4 show the top 20 proteins in cholesteatoma
compared with neck of cholesteatoma, tympanic membrane, and
EACS, according to the sorting described below. Proteins that
showed extreme levels in cholesteatoma (compared with any tissue
type) and proteins uniquely regulated in cholesteatoma (highly
altered levels compared with more than one reference tissue type)
were of specific interest. More than one sorting criterion were
therefore applied: 1: Number of reference tissues compared to
which the same expression direction (up- or down regulation) was
found in cholesteatoma, 2: Protein group/fold change criteria (first
A then B), and 3: Fold change. On average, approximately four
times more proteins were found to have lower levels of expression
than higher levels of expression in cholesteatoma compared with
the reference tissues (see Table S3). The main findings are the well
represented up-regulated active/enzymatic proteins and the
down-regulated structural proteins. These regulations may be
linked.

Table 2. Activation direction of biological functions in cholesteatoma.

Number of assigned regulated

Biological function Activation z-score Comparison proteins
Infection of cells decreased —2.953 CvsT 12
Binding of cells decreased —2.707 CvsS 9
Adhesion of tumor cell lines decreased —2377 CvsS 10

Cell movement of epithelial cells decreased —1.969 CvsS 4

Cell movement of breast cancer cell lines decreased —2.39 CvsS 7

Cell death increased +1.751 CvsS 43
Differentiation of epithelial cells decreased —1.686 (C&N)*vs S 5
Migration of endothelial cells increased +1.65 (C&N)*vs S 8
Generation of reactive oxygen species increased +1.951 Cvs (T & S)* 4

meet the fold change criteria in at least one of the tissues.
doi:10.1371/journal.pone.0104103.t002
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Statistical predictions on the direction of activation of biological functions associated with cholesteatoma (see experimental procedures). Biological functions with z -
scores of the predictions above the numerical value 1.645 (90% significance level) are shown. In a first step, biological functions were statistically associated with

cholesteatoma based on the up- and down-regulated proteins that could be assigned to these functions. Subsequently, predictions on the activation direction were
calculated from the composition of up- and down-regulations among these proteins. The listed results were found in comparisons between cholesteatoma sack (C),
neck of cholesteatoma (N), tympanic membrane (T), and external auditory canal skin (S). *The proteins had to show the same direction of expression in both tissues and
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Figure 3. Canonical pathways associated with the proteins meeting the fold-change criteria. A. The top scoring (lowest p-values)
canonical pathways associated with the differentially expressed proteins found in the pairwise comparisons between the four keratinizing tissues.
*The second highest score "Methylglyoxal Degradation llI" was found in the comparison between tympanic membrane and EACS. All others were
found in the comparison between cholesteatoma and EACS. Horizontal blue line indicates p value =0.05. B. p values and the involved differential-
level proteins of three selected pathways from the comparison between cholesteatoma and EACS. All proteins showed lower levels (green color) in
cholesteatoma compared with EACS. Underlined proteins: Group B proteins.

doi:10.1371/journal.pone.0104103.g003

Keratins

The cytokeratin pattern is often used to help describe the level
of differentiation of epithelia. Among the five tissue types,
cholesteatoma showed a tendency towards the highest levels of
cytokeratins (15 out of 25 cytokeratins; Figure 7). Five of these
(KRT4, 77, 23, 78, and 80) met the fold change criteria. Four
keratins were found to have higher levels of expression compared
with middle ear mucosa (KR'T77, 23, 78, and 80). One keratin
(KRT4) showed a higher level of expression compared with both
the neck of cholesteatoma and EACS. Other keratins had
increased levels of expression in non-cholesteatoma tissues:
KRT76, 79 (Tympanic membrane), KRTI15 (EACS), and
KRT7, 8, 18, 19 (Mucosa). This latter group comprises keratins
of simple epithelia, which are normally expressed in the mucosa
but not in the skin [38], and, interestingly, EACS showed lower
levels of these proteins compared with both cholesteatoma, neck of
cholesteatoma, and especially compared with the tympanic
membrane. The increased complexity of the cytokeratin pattern
and the up-regulation of KRT4 suggest a lower grade of
differentiation of cholesteatoma epithelium compared with the
other keratinizing tissues.

Validation

To test the reproducibility of the protein level differences found
between cholesteatoma and EACS, 16 proteins were analyzed by
SRM mass spectrometry (Figure S4). The SRM analyses were
carried out on another set of patient samples (n=9) measuring
each sample separately (no pooling). A set of proteins that was
found to be up-regulated (RNASE7, SI00A7A, KRT4, ELANE,
and ECM]) or inconsistently up-regulated (SI00A7) in choleste-
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atoma in the large-scale analysis was also found to be significantly
up-regulated (p<<0.05) in the SRM analyses.

The down-regulations of PFN2, NID2, COLI8AI, and
GSTM3 were also confirmed by SRM, whereas FMOD escaped
detection in SRM. Furthermore, three proteins (SBDS, EIF3K,
NRAS) could not be confirmed since they showed high variance
and had low magnitude of alterations. Another three proteins
(CTNNBI1, DNAJB1, S100A16) could be confirmed qualitatively
by having clear fold change in line with the large-scale study but
with insufficient p values (p<<0.15). The analysis of single samples,
instead of pooled samples, meant that a lower protein amount
(approximately 50%) was accessible for SRM analyses compared
with the large-scale analyses, and no pre-fractionation was
performed. These factors may have contributed to the failure to
detect the FMOD protein in the SRM analyses. Out of the 16
tested proteins, 13 showed data matching the large-scale study (for
details see Figure S4 and Methods S1).

Discussion

The identification and relative quantification of more than
2,400 unique proteins and the inclusion of five tissue types allowed
for a broad bioinformatics analysis, combining groups of related
proteins with differential levels into strong joint estimates.
Considering the complexity of tissue biopsies in general and the
differences between the five different tissue types, the profiles of the
protein extracts showed large overlaps between tissues and a good
reproducibility between replicates of the same tissue. Of the
proteins identified in all three experiments, on average, 92% were
found in all replicates of a given tissue type. A meaningful
interpretation of the large amounts of data generated from large-
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scale proteomics studies requires systematic bioinformatics pro-
cessing in the context of the disease. The biology most strongly
associated with cholesteatoma is discussed in this study.

Extracellular matrix and basement membrane

The top IPA network synthesized from differentially-regulated
proteins in cholesteatoma comprised mainly extracellular matrix-
associated components including basement membrane related
proteins. One of the components in the hypotheses concerning
cholesteatoma pathogenesis is the breach/loss of basement
membrane that allows for the invasion of keratinocytes. Sudhoff
and colleagues found scattered discontinuities in the staining for
collagen IV in cholesteatoma [39-41], whereas a continuous
collagen IV distribution similar to that of EACS was found in
other studies [42]. Shunyu et al did not detect disruptions in the
basement membrane of 48 cholesteatomas; however, the middle
collagen layer was greatly reduced/lost in most retraction pockets
mvestigated [43]. The fact that only some studies managed to
detect these defects suggests that the breaches are either rare and
focal, or that they, perhaps instead, are invisible widenings/
thinnings of the basement membrane mesh that allow for
transmigration of cells. Inclusion/invagination of epithelium with
or without basement membrane breach is another possible
mechanism for the introduction of epidermal cells to the middle
ear [41]. Regardless of the mechanism, changes in the extracel-
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lular matrix around the basement membrane reflect consistent
findings.

Several differentially-expressed extracellular matrix related
proteins were identified in the present study. Indicated by the
assoclated functions in Figure 4 (cancer, adhesion, and cardiovas-
cular system) and by the activated biological functions in Table 2
(e.g. decreased ’Adhesion of tumor cell lines’ and increased
’Migration of endothelial cells’), these proteins should not just be
regarded as structural parts that form a physical barrier, but as
active players that control the environment, and which in this case
may allow for angiogenesis and cancer-like reorganization of the
tissue. ECM1 was one of the few up-regulated extracellular matrix
associated proteins. This protein has previously been found to be
up-regulated at the mRNA level in cholesteatoma compared with
retroauricular skin [28]. It interacts with many other extracellular
matrix proteins, acts as negative regulator of bone mineralization,
promotes angiogenesis, and may inhibit MMP9 action [44]. It has
also been associated with migration and invasion in cancer [45],
and the epidermal expression is minimal under normal conditions.

In the extracellular matrix network (Figure 4) and from the top-
scoring proteins in Tables 3 and 4, several other differentially-
expressed proteins in cholesteatoma showed regulations that can
promote cancer-like alterations. Down-regulation of the nidogens
(NID1 and NID2) de-stabilizes the basement membrane and has
been associated with cancer formation [46,47]. Neck of choleste-
atoma and cholesteatoma sack showed very low levels of these
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proteins (NID2 showed more than 20-fold lower levels compared shown to be up-regulated, as well [29]. Profilin-2 (PFN2) was

with the tympanic membrane and EACS). The cell adhesion deficient in the three cholesteatoma replicates, but was found in
protein CEACAMG6 was found to be highly up-regulated in high levels in all three replicates of the tympanic membrane,
cholesteatoma compared with the tympanic membrane and EACS, and mucosa. Profilin-2 is a regulator of actin polymeriza-
EACS, in particular. Over-expression has been shown to increase tion, and it has recently been shown that its down-regulation
tumor growth and suppress PI3/AKT-dependent apoptosis in enhances invasion of cells [49]and it is associated with poor
head and neck cancer [48]. Its mRNA levels have recently been prognoses in cancer [50].
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Growth of cholesteatoma

Investigations of factors with influence on the growth of
cholesteatoma, such as proliferation [13-17] and apoptosis
[18,19], have shown varying results. Our recent cytokine analyses
revealed an up-regulation of the skin hyperplasia inducing [51] IL-
21 in cholesteatoma [52]. The decreased migration of epithelial
cells combined with increased cell death indicated by the present
study (Table 2) may contribute to the accumulation of material
and expansion of the tumor. The special self-cleaning properties of
the tympanic membrane and ear canal depend on efficient lateral
migration and controlled desquamation, and disturbances in the
desquamation of the ear canal skin have previously been shown to
halt migration [53].

Accumulation of white greasy scales is one of the most striking
characteristics of the macroscopic appearance of cholesteatoma.
Steroid sulfatase (STS) is one of the enzymes most strongly
associated with desquamation of the skin and is important for the
lipid composition and integrity of the skin barrier. Up-regulation,
as measured in the present study, can lead to increased
detachment of cells and increased desquamation rates, whereas
the opposite results in decreased desquamation and thickening of

PLOS ONE | www.plosone.org
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the skin as seen in X-linked ichtyosis [54,55]. A previous study
investigated ear canal skin and found a gradient of STS, with
higher levels in the deep medial part compared with the lateral
part. The authors speculated that it may play a role in the
detachment and migration of cells, and that dysregulation can lead
to increased desquamation and accumulation of debris [56]. In the
present study, around 30—40 fold higher levels of STS were found
in cholesteatoma compared to the tympanic membrane and
EACS, whereas a counter-acting enzyme Sulfotransferase 1Al
(SULT1A1l) was down-regulated to the same degree, perhaps
indicating activation and a resulting over-desquamation.

Protein-degrading enzymes

Neutrophil eclastase (ELANE) was one of two up-regulated
proteins in the network of otherwise down-regulated extracellular
matrix associated proteins (Figure 4). It is a protease of poly-
morphnuclear cells that, in addition to its antimicrobial properties,
also hydrolyzes a wide range of other proteins, including
extracellular matrix proteins like collagen IV [57]; regulation of
its activity is important for balance between beneficial and harmful
effects. Both cholesteatoma and the neck of cholesteatoma showed

August 2014 | Volume 9 | Issue 8 | 104103



higher levels of ELANE compared to EACS, and higher, but more
inconsistent levels, compared with the tympanic membrane. In
Figures 5 and 6, the neck of cholesteatoma in particular is rich in
proteins with the capacity of degrading extracellular matrix (e.g.
PRTN3, ELANE, MPO, MMP9, and HTRA1). The significantly
associated biological function "response to bacteria" in figure 5
indicates, that bacteria, in this case can evoke an immune
response. No bacterial proteins were detected inside the tissues in
present study (checked by database searches of MS data against a
bacterial database), but the presence of bacteria has previously
been detected in other cholesteatoma studies [21,22]. As bacteria
are ubiquitous on epidermis surfaces, their role in cholesteatoma is
not clear. A constant presence of bacteria may chronically attract
and activate immune cells, which have been found in high
numbers in cholesteatoma [58-60]. This possible chronic bacteria-
induced inflammatory activation of proteases may explain the low
abundance of extracellular matrix proteins in cholesteatoma.
Among the up-regulated proteases in cholesteatoma tissues,
HTRAI (High temperature requirement Al, serine protease) is
a novel finding which has interesting characteristics. This protease
has been found in high levels in rheumatoid arthritis, osteoarthritis
[61], and Alzheimer’s disease [62]. It has a variety of targets,
degrades extracellular matrix proteins, and inhibits matrix
mineralization and mineral deposition by osteoblasts [63].
HTRAI may therefore also have a role in the erosion of the
ossicles that that is associated with cholesteatoma disease.

Down-regulation of translation (eif2) and oxidative stress
(Nrf2) signaling

“ell'2 signaling” is the canonical pathway that showed the
strongest association to the regulated proteins in cholesteatoma. A
down-regulation of this pathway, which is a known reaction to
cellular stress, reduces the global protein synthesis to limit the
detrimental effects of toxins and ROS. All 11 associated proteins
from this pathway were down-regulated in the large-scale analysis.
However, the down-regulation of two representative proteins,
NRAS and EIF3K did not reach significance in the validation
analyses, indicating that parts of this stress pathway have high
biological variation. The proteins associated with other high
scoring stress-related canonical pathways (“Nrf2-mediated oxida-
tive stress response” and “Glutathione-mediated detoxification™)
were down-regulated as well. Chronic inflammatory cellular stress,
as seen in cholesteatoma, is associated with a down-regulation of
the Nrf2 pathway [64,65], which in turn leads to reduced
transcription of glutathione metabolism related proteins [66]; the
result 1s increased sensitivity to stress followed by increased cell
death. Two recent studies measured a significantly higher total
oxidant and significantly lower total antioxidant status in serum of
patients with cholesteatoma [67,68]. It is possible that increased
production of ROS in cholesteatoma (as indicated in Table 2)
leads to disproportionate extracellular matrix damage due to
impaired defense against stress.

Cytokeratins and differentiation

Cytokeratin profiles can help assess the level of differentiation of
epithelia. KRT1, 4, 5, 6, 7, 8, 10, 13, 14, 15, 16, 17, 18 and 19
have previously been detected in human cholesteatoma tissue [6—
11,29]. All investigators (except Klenke et al.[29]) used antibody-
based methods but varied in other parameters studied, such as the
type of reference tissue, which may partly explain the inconsis-
tencies between the studies. The present study replicated the
identification of all the above-mentioned cytokeratins. In addition,
the cytokeratins 2, 3, 9, 23, 76, 77, 78, 79, and 80 were also
identified (excluding 11 identified hair/hair follicle keratins). All
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cytokeratins were identified in all five tissues. KRT4 is a keratin of
mucosal stratified squamous epithelia and is normally absent in
epidermis [38]. In the present study, it was detected in all tissues
and found in higher levels in cholesteatoma compared to the neck
of cholesteatoma and EACS, indicating alterations and poorer
differentiation of the cholesteatoma keratinocytes. The higher
levels of the primary- and secondary cytokeratins of simple
epithelial cells (KRT 7, 8, and 19) in cholesteatoma and/or the
tympanic membrane in comparison with EACS also support this
finding. Vennix et al. found induction of KRT4 and KRT7 in a
meatal-to-middle ear skin graft animal model [4]. KRT18 and 19
mRNA have also been found to be increased in cholesteatoma
compared with retroauricular skin [28] and EACS [29]. In the
present study, there was a tendency towards higher levels of a wide
range of cytokeratins in cholesteatoma (15 out of 25) compared
with the other keratinizing tissues. Increased complexity of the
cytokeratin expression pattern often parallels the reduction in the
degree of differentiation found in reactive conditions [38]. Both
the general tendency and the specific up-regulated cytokeratins in
cholesteatoma in this study indicate a lower degree of differenti-
ation compared with the tissues from which it is believed to
originate, which could have big consequences on the behavior of
the cells in cholesteatoma.

S100 proteins

Multiple S100 proteins showed high levels of expression in
cholesteatoma. In the large-scale analysis, Hornerin (S100A16/
18), Koebnerisin (S100A7A), Calcitermin (S100A12); and (in two
out of three ratios) Psoriasin (SI00A7), Calgranulin A (SI00AS),
and Calgranulin B (SI00A9) were all found in very high levels in
cholesteatoma tissue. S100 proteins have previously been found to
be up-regulated at the protein level (ST00A8, SI00A9) [69], and at
the mRNA level (S100A7, S100A8, S100A9, S100A7A and
S100A12) [27,29,30,70] in cholesteatoma. Hornerin expression is
a novel finding, and in the large-scale analysis, it showed around
150 times higher levels in cholesteatoma compared to the other
tissues. Up-regulation was also found in the SRM analysis but with
high variation (p=0.13). Hornerin is a part of the cornified
envelope in the stratum corneum, and may play a role in the
barrier functions of the skin. It has been observed in high levels in
psoriasis and in healing wounds [71]. Increased levels of ST00A12
have been significantly associated with increased cell death, tissue
damage, and thoracic aortic aneurysm [72]. Psoriasin and
Koebnerisin both work as "alarmins" that amplify the inflamma-
tory response through the induction of cytokine production from
keratinocytes [73], and have therefore been proposed as targets in
inflammatory diseases [74]. A study that compared the expression
of SI00AL, 2, 3, 4, 5, 6, and S100B in different epithelial lesions in
the head and neck found these proteins to be most frequently
expressed in craniopharyngeomas and cholesteatomas [75].
Several S100 proteins are expressed in the epidermis, and many
are highly overexpressed in a number of pathological conditions,
such as skin barrier dysfunction, wound healing, psoriasis, cancer,
cellular stress, inflammation, and infection [76-79]. Having
common but also distinct biological functions, their roles in
cholesteatoma disease may be diverse. The potent pro-inflamma-
tory capacity of these highly up-regulated proteins however, makes
a central role in the pathogenesis of cholesteatoma likely.

Design considerations

Proteomics studies require high amounts of protein, which
partly explains the low number of cholesteatoma proteomics
investigations and the consistent choice of retroauricular skin as
reference tissue instead of ear canal skin or membrane [80-82].
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The methods used in previous studies (2DE - MALDI ToF) are
very different from the large-scale proteomics methods used in the
present study exemplified by the difference in number of identified
proteins (<20 in earlier studies vs >2400 in the present study).
The previous 2DE studies share none of the identified proteins,
and the small datasets describe no common biological traits for the
disease [80-82]. An issue that has not often been specified in other
studies is the frequent use of topical steroids. Steroid use was not
allowed within two weeks prior to biopsy in the present study to
avoid an iatrogenic depression of inflammatory mediators, which
are of great interest and relevance to cholesteatoma pathology. In
addition to a general masking of the inflammatory response, the
differences in drug availability of EACS, tympanic membrane, and
cholesteatoma could skew the relative levels between the tissues
and overestimate the inflammatory action in cholesteatoma. To
produce widely applicable protein profiles, patients were not sub-
grouped by e.g. age or extent of bone erosion. The degree of
inflammation varies over time in cholesteatoma. We consider
times of severe infection/inflammation unsuitable for the investi-
gation of the baseline protein expression of cholesteatoma tissue, if
such exists; therefore we selected patients that showed no signs of
acute inflammation. Retroauricular skin and EACS are very
different, and the relative levels of given proteins in cholesteatoma
will therefore differ depending on the reference tissue. Most studies
have only used one reference tissue, and EACS is the most
commonly used. The use of a panel of reference tissues provided a
more nuanced picture of the differential protein levels and
identified regulations of proteins specific for cholesteatoma.

Conclusions

This discovery proteomics study implicated several altered
biological processes related to the cholesteatoma pathology. From
the macroscopic appearance of the tissue, it is not surprising that
proteins related to extracellular matrix and basement membrane
were prevalent among the regulated proteins in cholesteatoma.
The observed down-regulation of several extracellular matrix and
basement membrane proteins, such as COL18Al and NID2,
could have great consequences on the integrity of the tissue and
lead to altered differentiation (KRT4) and cancer-like alterations
that may explain the characteristic phenotype. Up-regulation of
proteases, such as ELANE and of pro-inflammatory S100 proteins
(e.g. SIO0A7A and S100A7) were other clear and pronounced
protein changes; these regulated biological areas in cholesteatoma

References

1. Djurhuus BD, Faber CE, Skytthe A (2010) Decreasing incidence rate for
surgically treated middle ear cholesteatoma in Denmark 1977-2007. Dan Med
Bull 57: A4186. A4186 [pii].

2. Kemppainen HO, Puhakka HJ, Laippala PJ, Sipila MM, Manninen MP, et al.
(1999) Epidemiology and aetiology of middle ear cholesteatoma. Acta
Otolaryngol 119: 568-572.

3. Olszewska E, Wagner M, Bernal-Sprekelsen M, Ebmeyer J, Dazert S, et al.
(2004) Etiopathogenesis of cholesteatoma. Eur Arch Otorhinolaryngol 261: 6
24. 10.1007/500405-003-0623-x [doi].

4. Vennix PP, Kuijpers W, Peters TA, Tonnaer EL, Ramaekers FC (1994) Growth
and differentiation of meatal skin grafts in the middle ear of the rat. Arch
Otolaryngol Head Neck Surg 120: 1102-1111.

5. Jackson DG, Lim DJ (1978) Fine morphology of the advancing front of
cholesteatome—experimental and human. Acta Otolaryngol 86: 71-88.

6. Broekaert D, Coucke P, Leperque S, Ramackers F, Van MG, et al. (1992)
Immunohistochemical analysis of the cytokeratin expression in middle ear
cholesteatoma and related epithelial tissues. Ann Otol Rhinol Laryngol 101:
931-938.

7. Olszewska E, Lautermann J, Koc C, Schwaab M, Dazert S, et al. (2005)
Cytokeratin expression pattern in congenital and acquired pediatric choleste-
atoma. Eur Arch Otorhinolaryngol 262: 731-736. 10.1007/500405-004-0875-0
[doi].

PLOS ONE | www.plosone.org

13

Large-Scale Proteomics Differentiates Cholesteatoma from Surrounding

may be linked components of a bacteria induced disease
mechanism and hold potential as future drug targets.

Supporting Information

Figure S1 SDS separation/prefractionation of pooled
tissue samples.
(DOCX)

Figure S2 Cluster analysis based on the protein levels of
1738 proteins.
DOCX)

Figure S3 Pie charts of the ranges of biological pro-
cesses in the five tissue types.

(DOCX)

Figure S4 Validation of protein alterations in choleste-
atoma versus EACS.

(DOCX)

Table S1 Number of proteins meeting the group A and
B criteria for fold change.

(DOCX)

Table S$2 Quantitative proteomics data for proteins
passing the criteria for fold change (protein groups A
and B).
(XLSX)

Table S3 Quantitative proteomics data from human
middle ear biopsies to study cholesteatoma biology.

(XLSX)

Methods S1.
(DOCX)

Acknowledgments

We thank the Oto-surgeons, especially Lars Vendelbo Johansen, at Aarhus
University Hospital for the acquisition of samples. PRIDE Team is
acknowledged for enabling deposition of the proteomics data in the public
repository.

Author Contributions

Conceived and designed the experiments: AB RIDB NG TO JP.
Performed the experiments: AB RIDB JP. Analyzed the data: AB RIDB
JP. Contributed reagents/materials/analysis tools: AB NG TO JP. Wrote
the paper: AB. Finishing of manuscript: AB RIDB NG TO JP.

8. Olszewska E, Sudhoff H (2007) Comparative cytokeratin distribution patterns in
cholesteatoma epithelium. Histol Histopathol 22: 37-42.

9. Vennix PP, Kuijpers W, Peters TA, Tonnaer EL, Ramaekers FC (1996)
Keratinocyte differentiation in acquired cholesteatoma and perforated tympanic
membranes. Arch Otolaryngol Head Neck Surg 122: 825-832.

. Kakoi H, Tamagawa Y, Kitamura K, Anniko M, Hiraide F, et al. (1995)
Cytokeratin expression patterns by one- and two-dimensional electrophoresis in
pars flaccida cholesteatoma and pars tensa cholesteatoma. Acta Otolaryngol
115: 804-810.

. Bujia J, Schilling V, Holly A, Stammberger M, Kastenbauer E (1993)
Hyperproliferation-associated keratin expression in human middle ear choles-
teatoma. Acta Otolaryngol 113: 364-368.

. Sanjuan M, Sabatier F, Andrac-Meyer L, Lavieille JP, Magnan J (2007) Ear
canal keratinocyte culture: clinical perspective. Otol Neurotol 28: 504-509.
10.1097/MAO.0b013e3180321352 [doi].

. Bujia J, Sudhoff H, Holly A, Hildmann H, Kastenbauer E (1996) Immunohis-
tochemical detection of proliferating cell nuclear antigen in middle ear
cholesteatoma. Eur Arch Otorhinolaryngol 253: 21-24.

. Bujia J, Holly A, Sudhoff H, Antoli-Candela F, Tapia MG, et al. (1996)
Identification of proliferating keratinocytes in middle ear cholesteatoma using
the monoclonal antibody Ki-67. ORL J Otorhinolaryngol Relat Spec 58: 23—
26.

August 2014 | Volume 9 | Issue 8 | 104103



20.

22.

23.

24.

26.

27.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

. Olszewska E, Chodynicki S, Chyczewski L, Rogowski M (2006) Some markers of

proliferative activity in cholesteatoma epithelium in adults. Med Sci Monit 12:

CR337-CR340. 4025 [pii].

. Raffa S, Leone L, Scrofani C, Monini S, Torrisi MR, et al. (2012)

Cholesteatoma-associated fibroblasts modulate epithelial growth and differen-
tiation through KGF/FGF7 secretion. Histochem Cell Biol 138: 251-269.
10.1007/500418-012-0947-y [doi].

. Huisman MA, de HE, Grote JJ (2003) Cholesteatoma epithelium is

characterized by increased expression of Ki-67, p53 and p21, with minimal
apoptosis. Acta Otolaryngol 123: 377-382.

. Olszewska E, Chodynicki S, Chyczewski L (2006) Apoptosis in the pathogenesis

of cholesteatoma in adults. Eur Arch Otorhinolaryngol 263: 409-413. 10.1007/
500405-005-1026-y [doi].

Shinoda H, Huang CC (1995) Expressions of c-jun and p53 proteins in human
middle ear cholesteatoma: relationship to keratinocyte proliferation, differenti-
ation, and programmed cell death. Laryngoscope 105: 1232-1237. 10.1288/
00005537-199511000-00018 [doi].

Haruyama T, Furukawa M, Kusunoki T, Onoda J, Ikeda K (2010) Expression of
IL-17 and its role in bone destruction in human middle ear cholesteatoma.
ORL J Otorhinolaryngol Relat Spec 72: 325-331. 000319897 [pii];10.1159/
000319897 [doi].

. Ricciardiello F, Cavaliere M, Mesolella M, Iengo M (2009) Notes on the

microbiology of cholesteatoma: clinical findings and treatment. Acta Otorhino-
laryngol Ital 29: 197-202.

Chole RA, Faddis BT (2002) Evidence for microbial biofilms in cholesteatomas.
Arch Otolaryngol Head Neck Surg 128: 1129-1133. 00a20059 [pii].
Bloksgaard M, Svane-Knudsen V, Sorensen JA, Bagatolli L, Brewer J (2012)
Structural characterization and lipid composition of acquired cholesteatoma: a
comparative study with normal skin. Otol Neurotol 33: 177-183. 10.1097/
MAO.0b013e318241be63 [doi];00129492-201202000-00011 [pii].

Jeong JH, Park CW, Tae K, Lee SH, Shin DH, et al. (2006) Expression of
RANKL and OPG in middle ear cholestcatoma tissue. Laryngoscope 116:
1180-1184. 10.1097/01.mlg.0000224345.59291.da [doi];00005537-
200607000-00020 [pii].

Sudhoff H, Dazert S, Gonzales AM, Borkowski G, Park SY, et al. (2000)
Angiogenesis and angiogenic growth factors in middle ear cholesteatoma.
Am ] Otol 21: 793-798.

Louw L (2010) Acquired cholesteatoma pathogenesis: stepwise explanations.
J Laryngol Otol 124: 587-593. S0022215109992763 [pii];10.1017/
50022215109992763 [doi].

Tokuriki M, Noda I, Saito T, Narita N, Sunaga H, et al. (2003) Gene expression
analysis of human middle ear cholesteatoma using complementary DNA arrays.
Laryngoscope 113: 808-814. 10.1097/00005537-200305000-00008 [doi].

. Kwon KH, Kim SJ, Kim HJ, Jung HH (2006) Analysis of gene expression

profiles in cholesteatoma using oligonucleotide microarray. Acta Otolaryngol
126: 691-697. M971R72742871732 [pii];10.1080/00016480500475633 [doi].
Klenke C, Janowski S, Borck D, Widera D, Ebmeyer J, et al. (2012)
Identification of novel cholesteatoma-related gene expression signatures using
full-genome microarrays. PLoS One 7: ¢52718. 10.1371/journal.pone.0052718
[doi];PONE-D-12-23183 [pii].

Macias JD, Gerkin RD, Locke D, Macias MP (2013) Differential gene
expression in cholesteatoma by DNA chip analysis. Laryngoscope. 10.1002/
lary.24176 [doi].

Waters KM, Pounds JG, Thrall BD (2006) Data merging for integrated
microarray and proteomic analysis. Brief Funct Genomic Proteomic 5: 261-272.
ell019 [pii];10.1093/bfgp/ell019 [doi].

Hansen J, Palmfeldt J, Vang S, Corydon TJ, Gregersen N, et al. (2011)
Quantitative proteomics reveals cellular targets of celastrol. PLoS One 6:
€26634. 10.1371/journal.pone.0026634 [doi];PONE-D-11-10930 [pii].

Cox J, Mann M (2008) MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol 26: 1367-1372. nbt.1511 [pii];10.1038/
nbt.1511 [doi].

Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, et al. (2011)
Andromeda: a peptide search engine integrated into the MaxQuant environ-
ment. J Proteome Res 10: 1794-1805. 10.1021/pr101065j [doi].

2012) Reorganizing the protein space at the Universal Protein Resource
(UniProt). Nucleic Acids Res 40: D71-D75. gkr981 [pii];10.1093/nar/gkr981
[doi].

Vizcaino JA, Cote RG, Csordas A, Dianes JA, Fabregat A, et al. (2013) The
PRotecomics IDEntifications (PRIDE) database and associated tools: status in
2013. Nucleic Acids Res 41: D1063-D1069. gks1262 [pii];10.1093/nar/
gks1262 [doi].

Baiges I, Palmfeldt J, Blade C, Gregersen N, Arola L (2010) Lipogenesis is
decreased by grape seed proanthocyanidins according to liver proteomics of rats
fed a high fat diet. Mol Cell Proteomics 9: 1499-1513. M000055-MCP201
[pii];10.1074/mcp.M000055-MCP201 [doi].

Moll R, Divo M, Langbein L (2008) The human keratins: biology and
pathology. Histochem Cell Biol 129: 705-733. 10.1007/500418-008-0435-6
[doi].

Sudhoff H, Tos M (2007) Pathogenesis of sinus cholesteatoma. Eur Arch
Otorhinolaryngol 264: 1137-1143. 10.1007/500405-007-0340-y [doi].

PLOS ONE | www.plosone.org

Large-Scale Proteomics Differentiates Cholesteatoma from Surrounding

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sudhoff H, Bujia J, Borkowshi G, Koc C, Holly A, et al. (1996) Basement
membrane in middle ear cholesteatoma. Immunohistochemical and ultrastruc-
tural observations. Ann Otol Rhinol Laryngol 105: 804-810.

Sudhoff H, Tos M (2000) Pathogenesis of attic cholesteatoma: clinical and
immunohistochemical support for combination of retraction theory and
proliferation theory. Am J Otol 21: 786-792.

Dallari S, Cavani A, Bergamini G, Girolomoni G (1994) Integrin expression in
middle ear cholesteatoma. Acta Otolaryngol 114: 188-192.

Shunyu NB, Gupta SD, Thakar A, Sharma SC (2011) Histological and
immunohistochemical study of pars tensa retraction pocket. Otolaryngol Head
Neck Surg 145: 628-634. 0194599811409303 [pii];10.1177/0194599811409303
[doi].

Fujimoto N, Terlizzi J, Aho S, Brittingham R, Fertala A, et al. (2006)
Extracellular matrix protein 1 inhibits the activity of matrix metalloproteinase 9
through high-affinity protein/protein interactions. Exp Dermatol 15: 300-307.
EXD409 [pii];10.1111/7.0906-6705.2006.00409.x [doi].

. Xiong GP, Zhang JX, Gu SP, Wu YB, Liu JF (2012) Overexpression of ECM1

contributes to migration and invasion in cholangiocarcinoma cell. Neoplasma
59: 409-415. 10.4149/ne0_2012_053 [doi].

Ulazzi L, Sabbioni S, Miotto E, Veronese A, Angusti A, et al. (2007) Nidogen 1
and 2 gene promoters are aberrantly methylated in human gastrointestinal
cancer. Mol Cancer 6: 17. 1476-4598-6-17 [pii];10.1186/1476-4598-6-17 [doi].
Schymeinsky J, Nedbal S, Miosge N, Poschl E, Rao C, et al. (2002) Gene
structure and functional analysis of the mouse nidogen-2 gene: nidogen-2 is not
essential for basement membrane formation in mice. Mol Cell Biol 22: 6820~
6830.

Cameron S, de Long LM, Hazar-Rethinam M, Topkas E, Endo-Munoz L, et al.
(2012) Focal overexpression of CEACAMSG6 contributes to enhanced tumour-
igenesis in head and neck cancer via suppression of apoptosis. Mol Cancer 11:
74. 1476-4598-11-74 [pii];10.1186/1476-4598-11-74 [doi].

Mouneimne G, Hansen SD, Selfors LM, Petrak L, Hickey MM, et al. (2012)
Differential remodeling of actin cytoskeleton architecture by profilin isoforms
leads to distinct effects on cell migration and invasion. Cancer Cell 22: 615-630.
S1535-6108(12)00436-9 [pii];10.1016/j.ccr.2012.09.027 [doi].

Ma CY, Zhang CP, Zhong LP, Pan HY, Chen WT, et al. (2011) Decreased
expression of profilin 2 in oral squamous cell carcinoma and its clinicopatho-
logical implications. Oncol Rep 26: 813-823. 10.3892/0r.2011.1365 [doi].
Sarra M, Caruso R, Cupi ML, Monteleone I, Stolfi C, et al. (2011) IL-21
promotes skin recruitment of CD4(+) cells and drives IFN-gamma-dependent
epidermal hyperplasia. J Immunol 186: 5435-5442. jimmunol.1003326
[pii];10.4049/jimmunol. 1003326 [doi].

Britze A, Palmfeldt ], Gregersen N, Ovesen T (2013) 44-plex cytokine profile of
cholesteatoma. Acta Otolaryngol. 10.3109/00016489.2013.844360 [doi].
Revadi G, Prepageran N, Raman R, Sharizal TA (2011) Epithelial migration on
the external ear canal wall in normal and pathologic ears. Otol Neurotol 32:
504-507. 10.1097/MAO.0b013e31820d97¢2 [doi].

Strott CA, Higashi Y (2003) Cholesterol sulfate in human physiology: what’s it
all about? J Lipid Res 44: 1268-1278. 10.1194/jlr.R300005-JLR200
[doi];R300005,JLR200 [pii].

. Reed MJ, Purohit A, Woo LW, Newman SP, Potter BV (2005) Steroid sulfatase:

molecular biology, regulation, and inhibition. Endocr Rev 26: 171-202. er.2004-
0003 [pii];10.1210/er.2004-0003 [doi].

Weinberger J, Hawke M, Clark JT, Warren IB (1990) Steroid sulfatase activity in
the skin of the external ear canal. J Otolaryngol 19: 83-85.

Korkmaz B, Horwitz MS, Jenne DE, Gauthier F (2010) Neutrophil elastase,
proteinase 3, and cathepsin G as therapeutic targets in human diseases.
Pharmacol Rev 62: 726-759. 62/4/726 [pii];10.1124/pr.110.002733 [doi].
Szczepanski M, Szyfter W, Jenek R, Wrobel M, Lisewska IM, et al. (2006) Toll-
like receptors 2, 3 and 4 (ITLR-2, TLR-3 and TLR-4) are expressed in the
microenvironment of human acquired cholesteatoma. Eur Arch Otorhinolar-
yngol 263: 603-607. 10.1007/500405-006-0030-1 [doi].

Hussein MR, Sayed RH, Abu-Dief EE (2010) Immune cell profile in invasive
cholesteatomas: preliminary findings. Exp Mol Pathol 88: 316-323. S0014-
4800(09)00172-5 [pii];10.1016/j.yexmp.2009.12.006 [doi].

Aberg B, Edstrom S, Bagger-Sjoback D, Kindblom LG (1993) Morphologic
development of experimental cholesteatoma. Arch Otolaryngol Head Neck Surg
119: 272-275.

Grau S, Richards PJ, Kerr B, Hughes C, Caterson B, et al. (2006) The role of
human HtrAl in arthritic disease. J Biol Chem 281: 6124-6129. M500361200
[pii];10.1074/jbc.M500361200 [doi].

Grau S, Baldi A, Bussani R, Tian X, Stefanescu R, et al. (2005) Implications of
the serine protease HtrAl in amyloid precursor protein processing. Proc Natl
Acad Sci US A 102: 6021-6026. 102/17/6021 [pii];10.1073/
pnas.0501823102 [doi].

Canficld AE, Hadfield KD, Rock CF, Wyliec EC, Wilkinson FL (2007) HtrAl: a
novel regulator of physiological and pathological matrix mineralization?
Biochem Soc Trans 35: 669-671. BST0350669 [pii];10.1042/BST0350669
[doi].

Malhotra D, Thimmulappa R, Navas-Acien A, Sandford A, Elliott M, et al.
(2008) Decline in NRF2-regulated antioxidants in chronic obstructive pulmo-
nary disease lungs due to loss of its positive regulator, DJ-1. Am J Respir Crit
Care Med 178: 592-604. 200803-3800C: [pii];10.1164/rccm.200803-3800C
[doi].

August 2014 | Volume 9 | Issue 8 | 104103



66.

67.

68.

69.

70.

71.

72.

73.

. Kim HJ, Vaziri ND (2010) Contribution of impaired Nrf2-Keapl pathway to

oxidative stress and inflammation in chronic renal failure. Am J Physiol Renal
Physiol 298: F662-1671. 00421.2009 [pii];10.1152/ajprenal.00421.2009 [doi].
Harvey CJ, Thimmulappa RK, Singh A, Blake DJ, Ling G, et al. (2009) Nrf2-
regulated glutathione recycling independent of biosynthesis is critical for cell
survival during oxidative stress. Free Radic Biol Med 46: 443-453. S0891-
5849(08)00646-1 [pii];10.1016/j.freeradbiomed.2008.10.040 [doi].

Baysal E, Aksoy N, Kara F, Taysi S, Taskin A, et al. (2012) Oxidative stress in
chronic otitis media. Eur Arch Otorhinolaryngol. 10.1007/500405-012-2070-z
[doi].

Garca MF, Aslan M, Tuna B, Kozan A, Cankaya H (2013) Serum
myeloperoxidase activity, total antioxidant capacity and nitric oxide levels in
patients with chronic otitis media. J Membr Biol 246: 519-524. 10.1007/
500232-013-9561-8 [doi].

Holly A, Bujia J, Lempart K, Serge M (1995) [Expression of calgranulin A and B
in middle ear cholesteatoma]. Laryngorhinootologie 74: 33-35. 10.1055/5-2007-
997682 [doi].

Kim KH, Cho JG, Song JJ, Woo JS, Lee HM, et al. (2009) Psoriasin (S100A7),
an antimicrobial peptide, is increased in human middle ear cholesteatoma. Acta
Otolaryngol 129: 1067-1071. 914183192 [pii];10.1080/00016480802455291
[doi].

Takaishi M, Makino T, Morohashi M, Huh NH (2005) Identification of human
hornerin and its expression in regenerating and psoriatic skin. J Biol Chem 280:
4696-4703. M409026200 [pii];10.1074/jbc.M409026200 [doi].

Das D, Gawdzik J, Dellefave-Castillo L, McNally EM, Husain A, et al. (2012)
S100A12 expression in thoracic aortic aneurysm is associated with increased risk
of dissection and perioperative complications. J Am Coll Cardiol 60: 775-785.
50735-1097(12)01727-5 [pii];10.1016/j.jacc.2012.04.027 [doi].

Wolf R, Voscopoulos C, Winston J, Dharamsi A, Goldsmith P, et al. (2009)
Highly homologous hS100A15 and hS100A7 proteins are distinctly expressed in
normal breast tissue and breast cancer. Cancer Lett 277: 101-107. S0304-
3835(08)00912-9 [pii];10.1016/j.canlet.2008.11.032 [doi].

PLOS ONE | www.plosone.org

15

Large-Scale Proteomics Differentiates Cholesteatoma from Surrounding

74.

76.

77.

78.

79.

80.

81.

82.

Hegyi Z, Zwicker S, Bureik D, Peric M, Koglin S, et al. (2012) Vitamin D analog
calcipotriol suppresses the Thl7 cytokine-induced proinflammatory S100
"alarmins" psoriasin (SI00A7) and koebnerisin (SI00A15) in psoriasis. J Invest
Dermatol 132: 1416-1424. jid2011486 [pii];10.1038/jid.2011.486 [doi].

. Pelc P, Vanmuylder N, Lefranc F, Heizmann CW, Hassid S, et al. (2003)

Differential expression of S100 calcium-binding proteins in epidermoid cysts,
branchial cysts, craniopharyngiomas and cholesteatomas. Histopathology 42:
387-394. 1588 [pii].

Eckert RL, Broome AM, Ruse M, Robinson N, Ryan D, et al. (2004) S100
proteins in the epidermis. J Invest Dermatol 123: 23-33. 10.1111/;.0022-
202X.2004.22719.x [doi];JID22719 [pii].

Henry J, Hsu CY, Haftek M, Nachat R, de Koning HD, et al. (2011) Hornerin is
a component of the epidermal cornified cell envelopes. FASEB J 25: 1567-1576.
£j.10-168658 [pii];10.1096/1j.10-168658 [doi].

Fleming JM, Ginsburg E, Oliver SD, Goldsmith P, Vonderhaar BK (2012)
Hornerin, an S100 family protein, is functional in breast cells and aberrantly
expressed in breast cancer. BMC Cancer 12: 266. 1471-2407-12-266
[pii];10.1186/1471-2407-12-266 [doi].

Harder J, Dressel S, Wittersheim M, Cordes J, Meyer-Hoffert U, et al. (2010)
Enhanced expression and secretion of antimicrobial peptides in atopic dermatitis
and after superficial skin injury. J Invest Dermatol 130: 1355-1364. jid2009432
[pii];10.1038/jid.2009.432 [doi].

Kim JL, Jung HH (2004) Proteomic analysis of cholesteatoma. Acta Otolaryngol
124: 783-788.

Ho KY, Huang HH, Hung KF, Chen JC, Chai CY, et al. (2012) Cholesteatoma
growth and proliferation: relevance with serpin B3. Laryngoscope 122: 2818
2823. 10.1002/1lary.23547 [doi].

Ho KY, Yeh TS, Huang HH, Hung KF, Chai CY, et al. (2013) Upregulation of
Phosphorylated HSP27, PRDX2, GRP75, GRP78 and GRP94 in Acquired
Middle Ear Cholesteatoma Growth. IntJ Mol Sci 14: 14439-14459.
ijms140714439 [pii];10.3390/ijms140714439 [doi].

August 2014 | Volume 9 | Issue 8 | 104103



