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A B S T R A C T

Middle ear cholesteatoma is described as an invasive growth located behind the
ear drum of the auditory canal. It is characterised by the growth of a keratinis-
ing squamous epithelial cyst, that causes erosion of the underlying adjacent bones
leading to deafness, if left untreated. The etiopathogenesis of this disorder is still
controversial and remains to be elucidated. Therefore, the aim of this study was to
analyse four different tissue types (cholesteatoma, ear skin epidermis, torso skin
epidermis and stratum corneum layer of skin) from multiple patients to investigate
similarities and differences by bioimaging and mass spectrometry. Prior to analy-
sis of the protein expression, skin and cholesteatoma sections were examined by
light- and Coherent anti-Stokes Raman Spectroscopy (CARS) microscopy, which
revealed the disordered structure of the skin layers in cholesteatoma. In particular,
the structure of collagen was altered and the collagen levels in cholesteatoma ma-
trix compared to skin epidermis were reduced. During quantitative LC-MS/MS
based proteomics, more than 1, 700 proteins were identified, whereof 85 proteins
showed significantly altered protein abundances in cholesteatoma compared to
external auditory skin. Principal component analysis of the regulated proteins
indicated that cholesteatoma and stratum corneum samples exhibited partly simi-
lar protein expression patterns. The differentially expressed proteins were further
subjected to Ingenuity Pathway Analysis, thereby revealing the biological func-
tions and pathways of the regulated proteins. Inflammatory proteins of the S100
protein family, such as S100A8 and S100A9 proteins, showed an increased expres-
sion in cholesteatoma. Interestingly, many features found in cholesteatoma were
associated with other skin diseases such as psoriasis. In particular, inflammatory
pathways seemed to be involved since pro-inflammatory proteins like Interleukin-
1A were suggested as upstream regulators. Moreover, the analysis demonstrated
that the level of multiple collagen proteins (COL1A1, COL1A2, COL21A1, COL6A2,
COL6A1, COL4A2), that support the extracellular matrix, were significantly de-
creased compared to ear skin. This might lead to the hypothesis, that local in-
flammation triggers a disruption of the extracellular matrix and concomitant cell
adhesion causing the disordered tissue in cholesteatoma.

The present study provided new insights into the molecular mechanism of the
disease and supported the recently discovered resemblance of stratum corneum
and cholesteatoma tissues on the protein level. This work could enhance the
prospective development of novel therapeutics to effectively treat and help choles-
teatoma affected patients.
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K U R Z Z U S A M M E N FA S S U N G

Bei der Erkrankung des Mittelohres, dem Cholesteatom, handelt es sich um eine
invasive Wucherung, die hinter dem Trommelfell im Gehörkanal auftritt. Die Er-
krankung wird durch das unkontrollierte Wachstum von verhornenden Plattenepi-
thelien charakterisiert und kann durch die Erosion der tieferliegenden benachbar-
ten Knochen Taubheit verursachen, falls die Krankheit nicht rechtzeitig behandelt
wird. Die Ätiophatogenese der Erkrankung wird kontrovers diskutiert und muss
weiter aufgeklärt werden. Das Ziel dieser Studie war daher, vier unterschiedli-
che Gewebearten (Cholesteatom Gewebe, Haut des äußeren Gehörgangs, Rücken-
/Bauchhaut und die Stratum corneum Schicht der Haut) von mehreren Patienten
miteinander zu vergleichen und Unterschiede und Gemeinsamkeiten mithilfe von
Bioimaging und Massenspektrometrie zu erforschen. Hierzu wurden vor der Ana-
lyse der Proteinexpression Haut- und Cholesteatom-Schnitte mithilfe von Licht-
mikroskopie und Coherent anti-Stokes Raman Scattering (CARS)-Mikroskopie unter-
sucht, welche zeigten, dass im Cholesteatom eine ungeordnete Struktur der Haut-
schichten vorliegt. Insbesondere die Struktur und die Konzentration der Kollage-
ne war in der Cholesteatom-Matrix im Vergleich zur Epidermis der Hautkontrol-
len reduziert. Die quantitative LC-MS/MS basierte Analyse der Proteinexpression
identifizierte mehr als 1, 700 Proteine, wovon 85 Proteine ein signifikant veränder-
tes Vorkommen im Cholesteatom, im Vergleich zur Haut des äußeren Gehörgan-
ges, aufwiesen. Die Principal Component Analysis der regulierten Proteine deutete
darauf hin, dass Cholesteatom und Stratum corneum teilweise ähnliche Expressi-
onsmuster besitzen. Des Weiteren wurden die zwischen Cholesteatom und Epider-
mis Kontrollhaut signifikant unterschiedlichen Proteine mittels Ingenuity Pathway
Analysis ausgewertet, welches die biologische Funktion sowie die involvierten Si-
gnalwegeaufzeigen sollte. Inflammatorische Proteine der S100 Proteinfamilie wie
beispielsweise A100A8 und S100A9 zeigten eine erhöhte Expression im Cholestea-
tom. Interessanter Weise stimmten viele im Cholesteatom nachgewiesene Kon-
ditionen mit denen anderer Hauterkrankungen wie Psoriasis überein. Im Detail
schienen beispielsweise proinflammatorische Signalwege involviert zu sein, denn
Zytokine wie das Interleukin-1A wurden in der Analyse als vorgelagerte Regula-
toren indiziert. Außerdem zeigte die Analyse auf, dass mehrere Kollagen-Proteine
(COL1A1, COL1A2, COL21A1, COL6A2, COL6A1, COL4A2), die die extrazellulä-
re Matrix bilden, signifikant vermindert waren im Vergleich zur Expression in der
Kontrollhaut. Dies könnte die Hypothese stützen, dass im Cholesteatom die lokale
Entzündung den Abbau der extrazellulären Matrix und der damit einhergehenden
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zellulären Adhäsion begünstigt, welches das gestörte Gewebe verursacht.
Die hier vorliegende Arbeit liefert neue Erkenntnisse über den molekularen Me-

chanismus der Erkrankung und bekräftigt die kürzlich beobachtete Ähnlichkeit
zwischen Cholesteatom und Stratum corneum Gewebe anhand der vorliegenden
Proteinexpression. Damit könnte sie die zukünftige Entwicklung von neuen The-
rapeutika für die effektive Behandlung von Cholesteatomen unterstützen.
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1 I N T R O D U C T I O N

The human skin is by far the largest organ of the body and the first line of pro-
tection against environmental harm such as physical injury or microorganisms [1].
It becomes quite clear that the faultless function needs to be maintained, because
the human body would lose substantial amounts of water every day without this
effective barrier [1]. Furthermore, the skin protects against potentially dangerous
ultraviolet radiation while simultaneously synthesising the essential vitamin D,
that keeps up the calcium balance and ensures bone homeostasis [2]. Moreover,
skin is involved in temperature regulation as well as sensation and permits body
movement and growth. Due to these important functions, skin is of major interest
for medical research and pharmaceutical industry [3].

However, the faultless function is not always ensured and many skin abnor-
malities exist, that can be related to dysfunctions of the skin’s complex compo-
sition. One of these disorders is the acquired middle ear disease cholesteatoma,
an abnormal hyper-proliferative growth of an epidermoid cyst located behind the
eardrum that belongs to a group of inflammatory diseases called otitis media [4].
It consists of keratinised stratified squamous epithelium and is involved in bone
destruction of auditory ossicles, but it can also affect skull bones leading to serious
harms in affected patients. Structural studies indicated that the centre of acquired
cholesteatoma resembles an extremely thickened layer of stratum corneum, the
horny uppermost part of human skin [5].

Since proteins are one of the major functional components of cells, it is obvious
that many studies investigating the molecular mechanism of a disease, concentrate
on the alterations of these biomolecules. This can be done by using many different
biochemical approaches such as western blotting, enzyme-linked immunosorbent
assay, immunohistochemistry etc. However, due to the development and improve-
ment of techniques, nowadays single proteins can be imaged by super-resolution
microscopy, or entire proteomes can be mapped by mass spectrometry. This study
aimed at combining bioimaging techniques with mass spectrometry to examine
the molecular mechanism of the middle ear disease acquired cholesteatoma.

Recently, researchers analysed the cholesteatoma’s proteome and compared it
with those of surrounding ear-tissues to gain potential knowledge about the lo-
cal origin of the disorder [6, 7]. However, these studies might not have taken
into account that a cholesteatoma does not represent a normal piece of tissue.
The aim of the following study was to establish a protocol to isolate different
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skin layers from the only 50 µm thick human epidermis and compare them to
cholesteatoma with regard to the protein expression. Therefore, different methods
such as heat separation, enzyme separation or separation by a laser capture mi-
crodissection (LCM) were applied. Bioimaging techniques were not only used to
get an overview of the tissue composition or to validate results but also to separate
different skin layers for subsequent analysis by mass spectrometry. Quantitative
proteomics should characterise the differences in protein expression on a global
level between healthy skin layers and tissue affected by cholesteatoma. Since lipid
analysis of cholesteatoma and normal skin has revealed that the disorder is most
alike to the stratum corneum, this hypothesis was elucidated further [5].

The present thesis comprises an overview and summary of the past six months
of work during this master’s project. Chapter 2 will therefore provide the theoreti-
cal background. It will cover a brief introduction about the composition of human
skin and how the different layers develop. Concerning cholesteatoma, it will deal
with a description of the disease and provide insights about the current state of
knowledge regarding the pathogenesis. Moreover, the techniques applied for sep-
aration of different skin layers such as laser microdissection will be covered in
depth. Chapter 3 will provide the reader with all necessary information about the
experimental procedure used throughout this project. In Chapter 4 a presentation
of the obtained results will be provided and Chapter 5 will discuss the results and
the biological meaning of the collected data.



2 F U N DA M E N TA L S

�.� ������� �� ����� ���� ������

The functional part of human skin tissue comprises the three primary layers epi-
dermis, dermis and hypodermis (see Figure 1) [8]. The hypodermis, also known
as subcutaneous fat layer, is the lowermost layer of the skin being responsible for
the storage of around 50% of the insulating body fat that controls the temperature
and shields physical stress [9]. Although the hypodermis contains blood vessels
and nerves ensuring the blood circulation within the skin, its main purpose lies
in linking the skin to underlying bones and muscle cells [10]. Therefore, this con-
nective and adipose tissue comprises mainly elastin and fibroblasts, macrophages
and adipocytes [11].

In contrast to that, the dermis layer, which mainly consists of epithelial tissue,
can be divided into two different layers: the reticular dermis and the papillary
dermis [12]. The reticular layer, also known as deep dermis strengthens, the skin,
provides it with elasticity and a sense of touch and hosts hair follicles as well as
sweat glands controlling the temperature by sweat evaporation. Ebaceous glands
provide the skin with an oily secrete to waterproof and lubricate the skin. The
reticular layer consists of dense connective tissue as well as dense collagen fibres
which give the dermis its elastic properties [12]. Above the reticular layer lies the
papillary dermis which contains collagen fibres and supplies nutrients from the
epidermis, thereby supporting the production of keratinocytes by skin stem cells.
An extensive network of blood vessels regulates the skin temperature by increas-
ing or decreasing the blood flow, but also ensures the removal of cellular waste
products to prevent apoptosis of adjacent cells. Furthermore, this layer of the der-
mis is hosting Meissner’s corpuscles, free sensory nerve endings that provide a
sensitivity towards light touches [12].

The most superficial layer of human skin tissue is the epidermis, the renew-
ing surface layer of skin, which is tightly connected to the dermis by a basement
membrane. The multi-layered epidermis is build up by four individual layers orig-
inating from the basal cell layer or stratum basale that marks the starting point in
keratinocyte differentiation towards the stratum spinosum and the stratum gran-
ulosum, ending in the stratum corneum, that represents the terminal point of
the morphological and structural changes [8, 14]. The distinction of these differ-
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Figure 1: Illustration of human skin tissue structure. It consists of the three primary skin
layers subcutaneous fat layer or hypodermis, dermis and epidermis. The epi-
dermis can be divided into the four layers stratum basale, stratum spinosum,
stratum granulosum and stratum corneum [13].

ent layers is based on the level of keratinocyte differentiation (see figure 2). In
this process, called keratinisation or cornification, the keratinocytes in the stra-
tum basale undergo a significant change from undifferentiated and proliferative
cells towards highly differentiated, non-dividing cells in the stratum corneum [15,
16]. Keratinocytes are the most abundant cell types present in the epidermis with
an abundance of over 90%. Other major cell types present in the epidermis are
Langerhans cells, that are part of the skin’s immune system thereby protecting
it from infections, pigment producing melanocytes that build melanin to absorb
ultraviolet radiation as well as Merkel cells that act as touch receptors [8, 14]. The
stratum basale consists of only one layer of keratinocyte stem cells that germinate
and divide into new keratinocyte cells. These newly divided cells migrate to the
stratum spinosum. After this, the cells move on to the stratum granulosum, where
they are still considered to be living cells, as they contain all organelles and fulfil
activities related to intact cell metabolism [17]. However, these cells are already
very progressed in the process of keratinisation and filled with a lot of keratin. The
cellular organelles are finally destroyed in a small transition zone at the intersec-
tion of the stratum granulosum and the stratum corneum by proteases, DNases,
RNases as well as acid hydrolases and plasminogen activators [14]. Extracellular
lipids are remodelled into lipid-rich sheets that play an important role in the water-
proof properties of the epidermis [14]. In contrast to this, keratinocytes located in
the stratum corneum have lost their nuclei and organelles and reached the highest
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level of keratinisation. Terminally differentiated keratinocytes are called corneo-
cytes and build up the stratum corneum with approximately 10-30 layers of dead,
flattened out and polyhedron formed cells.

Figure 2: Formation of different human epidermal layers by keratinocyte differentiation
[8].

If unperturbed, the keratinisation cycle repeats continuously and replaces the
epidermis in approximately 12-24 days. Skin disorders, that cause an altered rate
of cell division, result in diseases such as hyper-proliferative psoriasis [14, 18, 19].
Wound healing processes can also result in an increased cell proliferation by al-
tered levels of growth factors to quickly close the skin lesion [14, 20].

�.� ��� ������ ��� ������� �������� �������������

Cholesteatoma is an invasive growth located in the middle ear that has been
known for several centuries now. The disease origins from the uncontrolled growth
of keratinizing squamous epithelial cells thereby forming a pearl-like epidermoid
cyst behind the intact eardrum [21, 22]. In western Europe, approximately 15

out of 100, 000 inhabitants are affected every year by cholesteatoma [23]. To
date, the only possible treatment for cholesteatoma patients is the physical re-
moval of infected and surrounding tissue by surgery. If not removed thoroughly,
cholesteatomas can recure within 3-6 months after surgery. Due to osteoclastic re-
sorption of surrounded bones and auditory ossicles, cholesteatoma leads to phys-
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ical imbalance, hearing deterioration or deafness, if not treated adequately [24].
The destructive properties of cholesteatoma can cause serious health problems up
to death especially for patients without access to medical health care, as inner
parts of the ear and brain can get infected. The disease can be distinguished into
two forms: Congenital cholesteatoma only emerges in the early childhood of pa-
tients accounting for 1-3 % of all middle ear cholesteatomas [22, 25]. Contrary, the
acquired form of cholesteatoma holds the majority of occurring cholesteatomas in
adults.

Great effort has been made to investigate the etiopathogenesis of arising cho-
lesteatoma, but the specific molecular actions remain to be elucidated. Several
theories exist, even though they are still controversially discussed [26]. The most
widely accepted hypothesis of cholesteatoma formation suggests the migration
of keratinizing squamous cells into the middle ear and is therefore called immi-
gration theory [22, 26]. As a result, the migrated cells start to form a stratified
pearl- and skin-like structure, the cholesteatoma matrix. This infectious matrix ac-
cumulates inside the retraction pocket, because the self-cleaning mechanism of the
ear is disturbed [27]. Furthermore, this inflammatory stimulus induces epithelial
proliferation, the expression of lytic enzymes and cytokines are induced by this
inflammatory stimulus [28]. Bacteria that are also located behind the ear drum
activate lytic enzymes and cytokines by presentation of their antigens and thereby
start the erosive process [29, 30]. Just below the cholesteatoma matrix, subep-
ithelial connective tissue forms the so-called cholesteatoma perimatrix, which is
responsible for the inflammatory reaction resulting in osteoclastic resorption [22].

Interestingly, cholesteatoma has been considered a misnomer due to absence of
evidences for cholesterol for a long time [31]. The few investigations that identified
cholesterol in cholesteatoma have been doubted by the scientific community. Re-
cently, Thorsted et al. investigated the lipid composition of acquired cholesteatoma
using high-performance thin-layer chromatography (HPTLC) and were able to de-
termine significant amounts of cholesterol and cholesterol esters. They also found
evidence that the lipid composition of the cholesteatoma matrix was very similar
to the stratum corneum layer of skin [5].

�.� ����� ������� ���������������

All human tissues are composed of various cell types, thereby creating their het-
erogeneous nature which is a characteristic biological property of multicellular
organisms [32]. As described previously, it is quite clear that a distinct part of
one type of tissue has very specific functions. Subsequently, the analysis of whole
thickness and homogenised skin samples makes it very difficult to relate functions
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to certain regions of a tissue. Additionally, the use of such samples could result
in "averaging out" heterogeneous elements [33]. This means that it is not possible
to assess molecular changes in differentiated tissues or tissue in differing disease
states [34]. It is therefore critical for researchers to be able to precisely harvest only
cells or tissues of interest, resulting in very pure and enriched cell populations.

These demands of obtaining pure cell populations from heterogeneous tissue
sections have led to the development of cellular microdissection techniques [34].
Because of the limitations of manual microdissection methods lacking a high re-
producibility as well as a high throughput capacity, laser microdissection systems
have been established. Laser capture microdissection (LCM) is a precise method
that, especially in the combination with immunohistochemistry, allows the iden-
tification and isolation of cells or tissue of interest under direct microscopic vi-
sualisation [35]. Different LCM systems are commercially available, whereas the
following description concentrates on the used CellCut Plus system by Molecular
Machines and Industries (MMI) (see Figure 3).

Figure 3: Functional principle of the laser capture microdissection (LCM) technology. A
UV laser is cutting the membrane and the embedded tissue. The selected area
is released through lifting the isolation cap [36].

In order to selectively collect cells from a sample, tissue sections with a thick-
ness between 5-10 µm are placed on a specially designed membrane slide that
consists of polyethylene naphthalene (PEN). The operator then draws a trajectory
around the area of interest on the computer screen, which will then be released by
a highly focused pulsed ultraviolet laser beam with a wavelength of 350 nm due
to evaporation of the surrounding tissue as well as of the membrane. The cut-out
area can then be taken up by an isolation cap, that is a standard Eppendorf tube
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with a silicon plug placed in the lid. Inspection of the lifted area after cutting is
possible by focusing the microscope onto the lid of the selection tube. As the PEN
membrane with the sample only sticks to the silicon plug of the isolation cap due
to adhesive forces, there is no interference with any downstream procedures [37].
Subsequent extraction of proteins, DNA or RNA will then be accomplished by the
addition of a suitable lysis buffer.

The LCM technology combines various advantages compared to other tech-
niques that enable the selective collection of cells or tissue. These include for
example the contamination-free cutting and sample collection, because the sample
is embedded between the membrane and a glass surface (see figure 3). Therefore,
the sample is neither directly exposed to air, nor it has direct contact to the iso-
lation cap. The use of a laser wavelength with 350 nm ensures that a minimal
damage of proteins, DNA or RNA is occurs, because the absorption is minimal
at this specific wavelength. Additionally, no or only a small damage emerges by
the cutting process to the surrounding tissue, making it possible to collect close-by
cells in consecutive steps. Furthermore, the system can be equipped for use in
fluorescence mode to visualise dye-labelled cells.

Microdissection techniques enabled outstanding work in the field of cancer re-
search. Dos Santos et al. precisely determined proteome alterations in intrahepatic
cholangiocarcinoma (ICC) by selectively isolating cholangiocytes with LCM and
identifying the proteins with LC-MS/MS. They validated their results by perform-
ing Western blotting and immunohistochemistry, thereby emphasising the reliabil-
ity of the LCM method [38]. The discovery of biomarkers might enable the early
detection of ICC before it is too late for a surgical dissection of the tumour. The
capability of LCM for clinical biomarker discovery has also been supported by a
study that analysed proteins from 4, 000 breast cancer epithelial cells and resulted
in an identification of over 1, 800 proteins, containing a considerable number of
differentially expressed proteins that are known as biomarkers of breast cancer
tumours [39]. Moreover, great work was achieved by combining LCM with sam-
ples from Alzheimer’s disease patients. Drummond et al. isolated neurons from
formalin-fixed and paraffin-embedded Alzheimer’s patients brain tissue in order
to perform quantitative LC-MS/MS. They identified over 400 proteins, whereof
around 78% were associated to neuronal proteins and ca. 50% were related to
Alzheimer’s disease [40]. So, it was demonstrated that LCM is a feasible method
to isolate very small areas of interest and identify their corresponding proteomes
in order to elucidate molecular mechanisms and pathways.



3 E X P E R I M E N TA L S

�.� �������

For the purpose of simplification, only chemicals not purchased from Sigma-
Aldrich (Copenhagen, Denmark) were marked specifically. Ultra-pure water
(ddH2O) was obtained from a Milli-Q® Integral water purification system (Merck
Millipore, Darmstadt, Germany) and was used throughout this study. LoBind re-
action tubes were purchased from Eppendorf (Hamburg, Germany).

�.� ����� ���� ������ �����������

Full-thickness human skin samples were obtained from breast reduction and ab-
dominoplasty operations from the University Hospital Odense (OUH) and pro-
cessed within four hours after surgery. The conducted experiments were approved
by the Regional Research Ethics Committee of Southern Denmark. All experi-
ments were carried out according to the principles expressed in the Declaration
of Helsinki (1964). Informed written consent for the Cholesteatoma samples was
obtained from adult patients and from parents or legal guardians on behalf of
minors and children prior to surgery. Written patient consent for human tissue
samples was not required, because Danish regulations consider human tissue left
over from surgery as discarded material.

The dermis was removed from the adipose tissue and cleaned thoroughly with
deionised water. The dermis was then cut into pieces of 1 cm3. For long-time
storage, the skin pieces were embedded in the Tissue-Tek O.C.T. compound (VWR
International, Søborg, Denmark) and snap frozen by immersing into an isopentane
solution cooled with liquid nitrogen. All skin samples were stored in the freezer
at -80 °C until further usage.

For subsequent procedure, skin samples were cut into cross-sectioned slices
of 10-20 µm thickness using a cryotome FSE Cryostat (Thermo Fisher Scientific,
Waltham, MA, USA). The cryotome chamber temperature was set to -26 °C, the
specimen temperature to -22 °C and the cryobar temperature to -50 °C. After slic-
ing, the skin samples were mounted onto SuperFrost Plus microscope slides (VWR
International, Søborg, Denmark).
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�.� ����� ������� ���������������

Samples for laser capture microdissection (LCM) were obtained from one pa-
tient and prepared using a cryotome as described above. However, for LCM the
skin slices were made with a thickness of 10 µm and mounted onto RNAse free
MMI Membrane Slides (Molecular Machines and Industries, Eching, Germany).
Mounted skin sections were defrosted for 1 min at RT prior to fixation in 70%
(v/v) ethanol (EtOH) for 30 seconds. Then, the sections were stained by pipetting
200 µl Mayer’s hematoxylin solution (5% (w/v) aluminium potassium sulfate,
0.1% (w/v) hematoxylin, 0.02% sodium iodate, 2% (v/v) glacial acetic acid in
ddH2O) onto the samples and incubating for 2 min at RT. The excess of staining
solution was removed by rinsing gently with ddH2O and placing the sample in
ddH2O for 30 seconds. When needed, eosin staining was performed by pipetting
200 µl of eosin Y solution (0.5% aqueous, Merck Millipore) on the samples, incu-
bating for 30 seconds and rising the stain with ddH2O. Gradual dehydration was
performed by incubating the sample for 30 seconds in 70% (v/v) EtOH and after-
wards for 30 seconds in 100% (v/v) EtOH. The membrane slides were air-dried
for 2 min, covered with a microscope object slide, fixed with adhesive tape and
stored at -80 °C until further usage.

For laser capture microdissection a MMI CellCut Plus system (Molecular Ma-
chines and Industries, Germany, Eching) was used to separate the human epi-
dermal layers. The stained membrane slides were mounted onto the microscope
holder and a modified Eppendorf tube with an adhesive lid (MMI IsolationCap,
Molecular Machines and Industries, Germany, Eching) was placed in the cap
holder above the slide. The mmiCellTools software was started and the laser cut-
ting was performed at 1% speed, 70% laser focus offset and with a laser power
of 100%. The cutting process was repeated until the tissue cut of the region of
interest was sufficient to transfer the tissue to the adhesive cap. In total, 4.6 mm2

of the epidermal layers SB and SS were collected. The tubes were stored at -80 °C.

�.� ��������� ��������

�.�.� Protein extraction

Prior to the proteomic analysis, proteins were extracted from the different epider-
mal skin layers and the cholesteatoma specimens. The stratum corneum could not
be separated by LCM and was enzymatically separated from the epidermis. A
schematic illustration of the workflow for the different experiments is shown in
Figure 4.



�.� ��������� �������� 11

Figure 4: Schematic workflow for all experiments comprising proteomics. For experi-
ment 1, SB and SS skin layers were obtained by laser microdissection (LCM). The
SC skin layer was obtained by heat and enzymatic separation of whole thickness
skin. Both, the SC and CH samples, originated from different patients. diseased
sample was from another patient. For the experiment 2, unlabelled samples
from the first experiment were high pH reverse phase fractionated prior to mass
spectrometric analysis. In experiment 3, three sets of CH and ES skin samples
from three different patients and EP as well as SC skin layers from another pa-
tient were analysed quantitatively.
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�������������

Cholesteatoma proteins were extracted after cutting the sample into 10 µm slices
using the cryotome and transferring these into a reagent tube. Proteins were ex-
tracted by the addition of 400 µl lysis buffer (0.1% (w/v) RapiGest (Waters Corpo-
ration, Milford, MA, USA), 50 mM triethylammonium bicarbonate (TEAB) buffer,
1% cOmplete protease inhibitor (Roche Diagnostics, Penzberg, Germany)) and
sonicated for 1 min. Afterwards, the samples were incubated for 30 min at RT
and again sonicated for 1 min to ensure proper protein extraction. The tubes
were heated at 60 °C for 1 hour before the lysate was spun down at 4 °C and
15.000 xg for 15 min in a microcentrifuge (Jouan C3i Multifunction Centrifuge,
Thermo Fisher Scientific) and the supernatant was transferred to a new tube and
stored on ice until digestion (described in Section 3.4.3).

������� �������

For the extraction of stratum corneum proteins, a skin piece of 1 cm2 was thawed
at RT. The skin sample was incubated in 60 °C warm phosphate-buffered saline
(PBS) buffer for 30 s before the epidermis was peeled off with tweezers. Fur-
ther incubation for 2 hours with 1% trypsin at 4 °C led to the isolation of the
stratum corneum. The stratum corneum was transferred into a fresh Eppendorf
tube containing 2 ml PBS buffer and vortexed thoroughly to remove remaining
epidermal cells and to clear away the trypsin solution to prevent further protein
digestion. The washing with PBS was repeated five times. Extraction of stratum
corneum proteins was afterwards carried out by transferring the stratum corneum
to a reagent tube and adding 400 µl lysis buffer. Then, the same extraction proce-
dure was conducted as described for the cholesteatoma sample previously.

������� ������ ��� ������� ��������

Proteins of these two epidermal layers were obtained by LCM and were located
in the adhesive lid of the Eppendorf tubes. For the protein extraction, 50 µl lysis
buffer prepared in 25 mM sodium phosphate was added to each of the tubes. The
tubes were inverted, because the excised cells were hold in the adhesive cap and
an incubation for 30 min at RT was performed in this position. After incubation,
the caps were heated to 60 °C for 1 hour in the inverted position. Protein extracts
of multiple tubes containing the same type of skin tissue were pooled in one tube
and the lysate was sonicated for 30 seconds and afterwards centrifuged at 4 °C for
10 min at 15.000 xg. The supernatants were collected and stored at -80 °C until
further usage.
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��������� ��� ��� ���� ���������

The extraction of proteins derived from normal skin epidermis (torso skin from
the back and stomach of a patient) was carried out by thawing a skin piece at RT
and incubating it in 60 °C PBS buffer for 30 s, before the epidermis was peeled off
with tweezers. Proteins from the ear skin epidermis were obtained after thawing
a piece of external auditory skin at RT and incubating in 60 °C PBS buffer for 30 s,
before the ear skin epidermis was peeled off. Then, the same extraction procedure
was conducted as described for the cholesteatoma sample previously.

�.�.� Protein concentration determination

In order to determine the protein amount that was collected with the laser capture
microdissection device, two preceding test-experiments were carried out. There-
fore, epidermal tissue with a corresponding area of 0.45 mm2 was collected by
LCM twice and the total amount of collected protein was determined. Due to the
detection limit of the Qubit® Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA), the total amount of protein from the stratum basale and stratum spi-
nosum samples was determined by amino acid analysis. For this purpose, the
samples were dried down in the vacuum and afterwards the lid of the tube was
perforated. The tube was placed in a 22 ml screw-lid glass equipped with a mini-
inert valve, 300 ml 6N HCl were added to the bottom of the glass and it was filled
with argon gas before the mini-inert valve was closed. The evacuated glass was
placed in the oven for 20 hours at 110 °C. Thereafter, the samples were dried down
again and the subsequent amino acid analysis was carried out by using MALDI-
MS to determine the amount of the single amino acids. The results showed that
0.9 mm2 of collected area correspond to 1 µg of obtained total protein amount,
thereby indicating that for both, the SG and the SS, 5 µg of total protein amount
were collected and were available for LC-MS analysis. For time reasons, a direct
determination of the total extracted amount of proteins was waived due to the
relatively large amounts of proteins required for amino acid analysis.

The protein determination of the cholesteatoma and stratum corneum samples
was carried out by using the Qubit® Protein Assay Kit following the manufacturers’
instructions.

�.�.� Sample preparation and isobaric labelling

The protein extracts from all four different skin layers were reduced, alkylated and
digested in parallel as described in the following. The vials were filled up with the
appropriate amount of 50 mM triethylammonium bicarbonate (TEAB) to achieve
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a final volume of 500 µl for each sample. All samples were subjected to reduction
with 20 mM tris(2-carboxyethyl) phosphine (TCEP) for 15 min at 80 °C. Here-
after, 40 mM iodoacetamide (IAA) was added and the samples were incubated for
30 min at RT in the dark. The digestion was carried out with sequencing-grade
modified trypsin in a protease to protein ratio of 1:50 and the samples were incu-
bated at 37 °C for 18 hours. Afterwards, the trypsin digestion was stopped and
the RapiGest detergent was cleaved by adding trifluoroacetic acid (TFA) to a final
concentration of 0.5% and incubating for 1 hour at 60 °C. The samples were cen-
trifuged for 15 min at 15.000 xg and 4 °C and the supernatant was transferred to a
new tube. The samples were dried down in the vacuum and stored at -80 °C until
further usage.

In a subsequent procedure, 5 µg of peptides from each sample were reconsti-
tuted in 30 µl iTRAQ dissolution buffer. 70 µl iTRAQ-4-plex label reagent (Ap-
plied Biosystems, Carlsbad, CA, US) dissolved in abs. ethanol was added to the
samples and incubated for 2 hours at RT. The samples were combined and dried
down in the vacuum before they were purified and desalted with C-18 resin tips.
TMT10-plex labelling was carried out by following the manufacturers’ instructions
(Thermo Fisher Scientific, Waltham, MA, USA). Prior to mass spectrometric anal-
ysis the labelled peptides were redissolved in 20 µl of eluent A (0.1% formic acid
(FA) in water).

�.�.� LC-MS/MS

The labelled peptide mixture was separated by reverse-phase LC using UltiMate
3000 LC system (Thermo Scientific, Germering, Germany) at pH 9.6 using a Ac-
quity CSH C18 column (300 µm x 100 mm, 1.7 µm). A stepped gradient from 4%
to 48% B with 2% steps height and 3 min step length (A: 20% 20 mM ammonium
formate, adjusted to pH 9.6 by NH4OH; B: 80% acetonitrile 20% 20 mM ammo-
nium formate, adjusted to pH 9.6 by NH4OH) was used. It total, 24 fractions
were collected, each 8th was pooled together. The UV detection was performed at
214 nm.

Resulting fractions were dried down in a SpeedVac and redissolved in 0.1% FA
in water. Samples were analysed by a Q-Exactive HF mass spectrometer (Thermo
Scientific, Bremen, Germany) coupled with an UltiMate 3000 nanoflow LC sys-
tem (Thermo Scientific, Germering, Germany). A trap column µ-Precolumn C18

PepMap100 (5 µm, 300 µm i.d.x 5 mm, 100 Å) (Thermo Scientific) and an analyt-
ical column EASY-Spray PepMap RSLC C18 (2 µm, 75 µm i.d. x 500 mm, 100 Å)
(Thermo Scientific) were employed for separations. Column temperature was set
to 50 °C. Mobile phases were as follows: (A) 0.1% FA in water; (B) 95% ACN,
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0.1% FA in water. Samples were preconcentrated for 10 min on a trap column at
2% B. Then, peptides were eluted using the following gradient: from 2% B to 5%
B in 5 min, from 5%B to 30% B in 93 min, from 30% B to 45% B in 14 minutes
at 270 nL/min flow rate. The column was washed at 95% B for 10 minutes and
equilibrated to the start concentration of mobile phase B.

Mass spectrometry measurements were performed by using data-dependent ac-
quisition (DDA) mode (Top 12). Electrospray high voltage was set to 2.0 kV. Elec-
trospray capillary temperature was 275 °C. MS1 settings were as follows: mass
range m/z from 300 m/z to 1400 m/z, resolving power of 120000 at m/z 200,
maximum injection time was set to 100 ms, the automatic gain control (AGC) for
MS1 was 3.0e6, the dynamic exclusion was set to 30 s. Precursor ions were isolated
in the m/z window of 1.4 Th followed by their fragmentation using higher-energy
collision dissociation (HCD) using normalised collision energy (NCE) of 34. Frag-
ment ions were measured in the Orbitrap mass-analyser with resolving power of
60, 000 at m/z 200. Maximum injection time during MS/MS was 110 ms with
AGC value of 1.0e5.

�.�.� Data treatment

Raw data files were processed using Thermo Proteome Discoverer 2.1.1.21 (Thermo
Fisher Scientific) and searched against Swiss-Prot human database (version 2017.01)
using the Mascot (version 2.6) search engine. Trypsin was chosen as enzyme al-
lowing up to 4 missed cleavage sites. A precursor mass tolerance of 10 ppm and
a product ion mass tolerance of 0.02 Da were used. Fixed modifications included
carbamidomethylation of cysteines. Dynamic modifications contained methion-
ine oxidation, N-terminal acetylation, TMT-10-plex modification of N-termini and
lysine. False discovery rates (FDR) were calculated using Percolator algorithm (q-
value < 0.01) on PSM and peptide levels. Proteins were filtered to 0.01 FDR using
target-decoy approach. Reporter ion intensities were log2-transformed and nor-
malised in each channel using median. The R Rollup function from Inferno RDN
package (PMID: 18453552) was used to build protein intensities from peptide. Pro-
tein regulations were determined using Limma-Ranked Product approach [41].
Only proteins with p-values 6 0.05 were considered as regulated.

�.�.� Bioinformatics

All Venn diagrams were created using Venny 2.1 (http://bioinfogp.cnb.csic.
es/tools/venny/). STRING 10 (http://string-db.org) was used to study protein-
protein interactions. Only protein relations with a high confidence (0.700 or higher)

http://bioinfogp.cnb.csic.es/tools/venny/
http://bioinfogp.cnb.csic.es/tools/venny/
http://string-db.org
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and without textmining as an interaction source were considered. Extensive path-
way analysis was carried out by the use of Ingenuity Pathway Analysis (IPA),
Ingenuity Systems (www.ingenuity.com). For generation of protein networks, all
regulated proteins were searched under the parameter ’all tissues’, whereas the
remaining figures were generated by searching only under skin specific param-
eters. The hierarchical clustering analysis was visualised with Perseus (http:
//www.perseus-framework.org).

�.� �������� ����-������ ����� ������������ (����)
����������

Coherent anti-Stokes Raman Spectroscopy (CARS) is a highly sensitive and label
free form of spectroscopy where the vibrational modes of chemical bonds are ex-
cited. This advanced non-linear technique involves the use of three laser beams
which are employed to result in a coherent Raman signal emitted by the sample.
Due to the multi-photon excitation of the sample, the resulting CARS-signal is
orders of magnitude stronger when comparing to spontaneous Raman emission.
In short, a sample is excited by a pump beam at a frequency !p and a Stokes
beam at a frequency !s, which thereby interact with each other in a wave-mixing
process. If a Raman active molecular vibration is excited because it matches the
frequency !p -!s, a strong anti-Stokes signal at !as = 2!p -!s is obtained.
Due to simplification reasons, the pump and the probe laser of the used CARS
system were identical. More information about CARS imaging for the use in biol-
ogy and medicine can be found in the literature [42].

The CARS microscopy was performed with a TCS SP8 CARS microscope (Le-
ica Microsystems, Mannheim, Germany). The images were acquired at the CH2

symmetric stretch vibration of lipids at 2845 cm-1. Optimisation of the images
was realised by using the epi detectors and by a 661/11 BrightLine HC bandpass
filter (AHF analysentechnik AG, Tübingen, Germany) which was placed in front
of the detectors and resulted in a minimisation of autofluorescence signals from
the sample.

�.� �������� ��������

Data obtained by microscopy were processed with ImageJ/Fiji (https://fiji.sc
and https://imagej.net). Microsoft Excel was used for editing protein lists (Mi-

www.ingenuity.com
http://www.perseus-framework.org
http://www.perseus-framework.org
https://fiji.sc
https://imagej.net
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crosoft, Redmond, WA, USA). Diagrams were created using Prism (GraphPad
Software Inc., La Jolla, CA, USA).





4 R E S U LT S

In the following, different microscopic and proteomic techniques were employed
in order to reveal the biological functions and pathways that might be involved in
the pathogenesis of acquired cholesteatoma. Human skin tissue and cholesteatoma
tissue were investigated by CARS and light microscopy. Thereby, relevant basic
information about the obtained patient samples and their structural differences
were gathered.

This was followed by a proteomic analysis and comparison of different epider-
mal tissue layers and cholesteatoma samples. Since it was observed that lipids
contained in cholesteatoma tissue resembled the stratum corneum layer of skin,
the objective was to compare the proteins of cholesteatoma tissue with different
epidermal skin layers. Furthermore, epidermis from ear canal skin and epidermis
from the torso were compared to cholesteatoma by the use of proteomics.

�.� ���������� �� ����� ���� ������ ��� ��������
�������������

�.�.� H&E staining

Histological cross-sections of hematoxylin and eosin (H&E) stained human skin
tissue and cholesteatoma tissue were studied to reveal the different structures of
both tissues. The positively charged hematoxylin dye binds to DNA and RNA
located in cell nuclei and colours these molecules dark blue or violet. The neg-
atively charged eosin dye adheres to positively charged amino acid side chains
and therefore stains intracellular membranes, extracellular fibres, cytoplasm and
collagen reddish. H&E stained skin and cholesteatoma sections were imaged at
different magnifications (Figure 5).

Structural differences between the intact skin tissue and the diseased choleste-
atoma tissue, as for example the approximately twice as thick stratum corneum in
cholesteatoma were observed. The usual thickness of stratum corneum in human
skin varied between 10-20 µm (Figure 5). However, the thickness of cholesteatoma
stratum corneum measured up to 40 µm. Furthermore, it was seen that the thick-
ness of skin epidermis (50-70 µm) was less than the thickness of the cholesteatoma

19
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Figure 5: Cross sections of hematoxylin and eosin (H&E) stained human skin tissue (a-c)
and cholesteatoma (d-f). Cell nuclei were stained in dark blue to violett and
cell cytoplasm as well as collagen were stained in red to pink color. The dermis
and epidermis of the skin and the matrix and perimatrix of the cholesteatoma
were labelled. Additionally, the epidermal layers stratum basale (SB), stra-
tum spinosum (SS), stratum granulosum (SG) and stratum corneum (SC) were
marked in c.

perimatrix which varied between 50-150 µm (Figure 5b and 5e). Images obtained
at the highest magnification showed, that H&E staining was suitable to distinguish
all epidermal skin layers as indicated by the labels (Figure 5c). The cholesteatoma
perimatrix appeared less organised and could not easily be separated into distinct
sublayers (Figure 5f).
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�.�.� Coherent anti-Stokes Raman spectroscopy microscopy

Structural investigations of skin and cholesteatoma tissue were carried out by Co-
herent anti-Stokes Raman spectroscopy microscopy (CARS) microscopy and are
illustrated in Figure 6 and 7, respectively. Human skin cross sections were studied
at a wavenumber of 2, 845 cm-1 to image the contained lipids (Figure 6a). The
lipid-rich stratum corneum could clearly be distinguished from the epidermal cell
layers, where only the cell contours were visible. Furthermore, it was possible to
distinguish between the epidermis and the subcutaneous fat layers, because these
two skin layers had different lipid structures. Moreover, C-H bonds from collagen
were excited at the same wavelengths and formed waved structures.

Figure 6b displays the collagen signal that was generated by second harmonic
generation (SHG) in green. Collagen was only located in the dermis layer of skin,
where it formed collagen fibre networks. Furthermore, water present in the skin
was observed at a wavenumber of 3, 400 cm-1 (Figure 6d). Even though all cells
consisted of water, it seemed to accumulate in the basal cell layer.

The CARS images of cholesteatoma tissue indicated that the stratum corneum
was thickened in comparison to skin and it contained lipids at a high concen-
tration (Figure 7a). Compared to the lipid visualisation in normal skin (Figure
6a), the wavy structures found in the dermis of skin were significantly less inten-
sive than in cholesteatoma. Second harmonic generation (SHG), that originated
from collagen, seemed to be slightly lower in cholesteatoma, but also less organ-
ised when compared to skin. A comparative analysis of lipids and collagen in
cholesteatoma showed, that they were separated better, because no strong overlay
of red and green was seen (Figure 7c). The detection of water was also successful
in cholesteatoma tissue and indicated that a basal-like cell layer, that tends to ac-
cumulate water, was present in cholesteatoma perimatrix (Figure 7d). To further
elucidate and underline the cholesteatoma’s difference from skin, two additional
CARS images from different regions of the cholesteatoma tissue were taken (Fig-
ure 7e and 7f). Lipid structures were observed in the deeper part of cholesteatoma
tending to build a deep, stratum corneum-like structure (Figure 7e). This was also
illustrated by a top view on this lipid structures, revealing the hexagonal shape of
contained corneocytes. Moreover, proteins that overlapped with the corneocytes
were detected (Figure 7f).
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Figure 6: CARS microscopic analysis of human skin tissue. Visualisation of lipids con-
tained in cholesteatoma carried out at a wavenumber of 2, 845 cm-1 (a). Colla-
gen was visualised by SHG signal generation (b). Composite image created by
overlapping images of lipids and collagen (c). Water was detected in skin at a
wavenumber of 3, 400 cm-1 (d).
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Figure 7: CARS microscopic imaging of cholesteatoma tissue. Visualisation of lipids
contained in cholesteatoma carried out at a wavenumber of 2, 845 cm-1 (a).
Collagen was visualised by SHG signal generation (b). Composite image cre-
ated by overlapping images of lipids and collagen (c). Water was detected in
cholesteatoma at a wavenumber of 3, 400 cm-1 (d). Cross-sectioned view on
stratum corneum-like structure found in cholesteatoma (e) and top view of this
structure (f). Lipids are shown in red and proteins are shown in magenta.
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Before analysing and comparing the different epidermal skin layers to the diseased
cholesteatoma tissue in order to reveal the origin or similarities of the disorder, a
sufficient separation method had to be applied. Therefore, laser capture microdis-
section (LCM) was carried out on hematoxylin-stained skin slices.

Figure 8 illustrated a laser microdissected skin sample as displayed in the pro-
vided Olympus CellCut Plus software. In this example, the stratum basale with
its stem cells as well as cells located in the stratum spinosum were selected and af-
terwards excised (Figure 8). The distinction was possible, because stratum basale
cells were more intensively stained by the hematoxylin dye than stratum spinosum
cells. The blue line shows the laser trajectory around the selected cells and how
the samples were affected by laser cutting. The successfully excised areas could
be revised afterwards. The width of the stem cell layer was around 6 µm and the
width of the stratum spinosum was approximately 50 µm. The thickness of the
laser cut at 100 % laser power was determined to approximately 5.5 µm, which
had to be taken into account when drawing the trajectory around the regions of
interest. In this manner, it was possible to collect cells from the stratum basale and
the stratum spinosum. Since it was not possible to obtain stratum corneum cells
by the use of LCM, stratum corneum was enzymatically separated from whole-
thickness skin.

An iTRAQ labelling approach was used to tag the digested proteins from stra-
tum basale, stratum spinosum and stratum corneum as well as the digested pro-
teins obtained from lysis of an entire cholesteatoma sample. In total, 20 µg di-
gested proteins were labelled to quantitatively analyse the four samples. The re-
sult of the iTRAQ labelled experiment is presented in Table 1 and shows a list of all
identified proteins. It can be seen that only 21 proteins could be identified and that
the quantification was not successful in this experiment. Furthermore, 15 of these
21 proteins were only identified by one unique peptide found in the dataset and
ten proteins were identified by less than two peptide spectrum matches (PSMs).
To evaluate the enzymatic trypsin digestion, the number of missed cleavage sites
for the cholesteatoma and stratum corneum samples was examined (see Figure 18
in the Appendix). These results reflected that the digestion was successful, as
the majority of analysed peptides showed zero missed cleavage sites. However,
only cholesteatoma and stratum corneum samples could be subjected to this anal-
ysis, since more material from the protein extraction and digestion process was
available and could be further investigated by LC-MS/MS (see Chapter 4.3).
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Figure 8: Hematoxylin stained human skin sample 40x magnified with a light microscope
and as shown in the Olympus CellCut Plus software. Images a-d show the
sampling of stratum basale cells and images e-h show the collection of stratum
spinosum cells. The blue line indicates the trajectory followed by the laser to
release the corresponding area (a). Area shown after the performed laser cut-
ting (b). Demonstration of the releasing of the cut skin slice after lifting of the
adhesive cap (c) and illustration of the excised skin piece on the adhesive cap
(d). Images on the right-hand site demonstrate the same procedure in order to
excise stratum spinosum cells (SS) (e-h).
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Table 1: Summary of all identified proteins from the iTRAQ labelled stratum basale, stra-
tum spinosum, stratum corneum and cholesteatoma samples. In total, 21 proteins
could be found, but no prediction of the amount of particular proteins in each
sample was possible. Only proteins that were assigned as master proteins by
Proteome Discoverer 2.1 were considered in this list.

Protein name Gene ID Coverage [%] PSMs Unique
Peptides

Keratin, type II cytoskeletal 1 KRT1 12.42 16 7
Keratin, type I cytoskeletal 10 KRT10 17.81 14 9
Galectin-7 LGALS7 52.21 8 6
Serum albumin ALB 13.46 8 5
Vimentin VIM 4.72 3 2
Keratin, type II cytoskeletal 5 KRT5 4.41 3 1
Annexin A2 ANXA2 4.13 3 1
Keratin, type II cytoskeletal 2 epidermal KRT2 4.85 5 1
Heat shock protein beta-1 HSPB1 8.29 4 1
Caspase-14 CASP14 3.72 1 1
Peptidyl-prolyl cis-trans isomerase A PPIA 10.91 2 1
Actin, aortic smooth muscle ACTA2 4.77 3 2
Filamin-A FLNA 1.02 1 1
Desmoplakin DSP 0.35 1 1
Hemoglobin subunit beta HBB 14.97 1 1
Fumarate hydratase, mitochondrial FH 4.51 1 1
Calmodulin-like protein 5 CALML5 5.48 1 1
Uncharacterized family 31 glucosidase KIAA1161 3.36 1 1
SEC14-like protein 4 SEC14L4 6.16 1 1
Spartin SPG20 6.61 1 1
A Disintegrin and metalloproteinase 32 ADAM32 3.43 1 1

All identified proteins were further investigated by a STRING analysis to reveal
protein-protein interactions (shown in Appendix A.2). It was seen that the four
keratin proteins KRT1, KRT2, KRT5 and KRT10 built a cross-linked network. No
other protein-protein interactions between the identified proteins were observed.
Furthermore, 16 of the 21 identified proteins were found in extracellular exosomes.
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�.� ����������� �������� �� ������� ���������� ��
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The proteomic analysis of human samples can be very challenging due to the high
variety in protein concentrations. Especially in skin, highly abundant proteins
such as keratins may suppress lower abundant proteins thereby leading to miss-
ing data in the proteomic analysis. One way of circumventing or decreasing this
concern is to reduce the sample complexity. Therefore, off-line high pH reversed-
phase high pressure liquid chromatography (hpRP-HPLC) and subsequent pool-
ing into four fractions was performed in this study in order to achieve a sufficient
protein identification. Thus, one cholesteatoma tissue sample and one stratum
corneum sample, which was obtained by heat and enzymatic separation from
torso skin, were hpRP-HPLC separated and mass spectrometrically analysed in
two independent experiments.

In the carried-out LC-MS/MS analysis, 3, 230 proteins were identified in total,
whereof 2, 905 proteins accounted for cholesteatoma and 1, 054 proteins for stra-
tum corneum. 729 proteins could be identified in both cholesteatoma and stratum
corneum (Figure 9).

Figure 9: Comparison of the number of identified proteins between cholesteatoma (CH)
and stratum corneum (SC) samples. Cholesteatoma and stratum corneum sam-
ples were lysed, digested and pre-fractionated by high pH reversed-phase high
pressure liquid chromatography prior to LC-MS/MS. Only proteins that were
assigned as master proteins by proteome discoverer 2.1 were considered.

To investigate if the effect of the hpRP-HPLC separation was successful, a Venn
Diagram was made of the four different fractions (Figure 10). Each circle con-
tains all proteins that were identified in the corresponding fraction. An overlap
between two or more circles means, that proteins could be identified in more than
one fraction. Since the largest proportions showed no overlap, a sufficient separa-
tion of both, the cholesteatoma and the stratum corneum samples, was achieved.
Putting all non-overlapping circles together, 41.7% of all cholesteatoma proteins
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and 55.3% of all stratum corneum proteins could only be identified in one of the
four fractions, showing that the hpRP-HPLC separation was successful.

Figure 10: Venn diagram showing the separation capability of cholesteatoma (CH) (a) and
stratum corneum (SC) (b) proteins by high pH reversed-phase fractionation
high pressure liquid chromatography (hpRP-HPLC) into four fractions. 41.7%
and 55.3% of all identified cholesteatoma and stratum corneum proteins, re-
spectively, were only found in one of the four fractions.
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Nevertheless, to successfully reveal the underlying molecular mechanisms of the
development of acquired cholesteatoma, a quantitative relation between the identi-
fied proteins is of high importance. For this purpose, three cholesteatoma samples
from individual patients and matching epidermal skin from the external auditory
ear channel were quantitively analysed as well as two full-thickness epidermis
and two stratum corneum samples both originating from different torso regions
of one other patient. The number of identified proteins, together with the results
obtained in the other two experiments, are presented in Figure 11.
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Figure 11: Comparison of the identified proteins between the different experiments. Ex-
periment 1 comprised the iTRAQ labelled comparison of epidermal skin layers
and cholesteatoma (CH), experiment 2 investigated the effect of hpRP-HPLC
separation of cholesteatoma and stratum corneum (SC) proteins and experi-
ment 3 quantitatively analysed proteins from cholesteatoma, ear skin epider-
mis (ES), epidermis from torso skin and stratum corneum. Only proteins that
were assigned as master proteins by Proteome Discoverer 2.1 were considered
for this comparison. All regulated proteins refer to CH vs. ES tissue samples
and met the criteria p 6 0.05.

While only 21 proteins were identified in the LCM approach of separated and
iTRAQ labelled stratum basale, stratum spinosum, stratum corneum and chol-
esteatoma samples (EXP 1), a total of 3, 230 proteins, whereof 2, 176 accounted
for cholesteatoma and 325 for stratum corneum, could be identified in the sec-
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ond experiment (EXP 2). The second experiment involved the analysis of unla-
belled excess material from cholesteatoma and stratum corneum obtained during
the first experiment. The quantitative LC-MS/MS investigation of TMT-labelled
cholesteatoma, torso epidermis, ear skin epidermis and stratum corneum sam-
ples was sufficient to determine 1, 838 proteins in total. 1, 708 proteins could be
identified, because their peptides were detected with a respective tag from each
sample. Of these quantitated proteins, 85 were regulated in CH vs. ES in terms
of significance after statistical analysis (p 6 0.05), whereof 47 were up-regulated
in cholesteatoma and 38 were down-regulated in cholesteatoma compared to ear
skin epidermis. Out of all identified proteins in experiment 3, 1, 605 proteins were
also found in experiment 2. However, the number of overall identified proteins
was decreased in experiment 3 (Figure 12).

Figure 12: Comparative analysis of identified proteins between the test experiment with-
out quantification examining cholesteatoma (CH) and stratum corneum (SC)
samples (experiment 2) and quantitative proteomics of CH, SC, torso skin epi-
dermis (EP) and ear skin epidermis (ES) samples (experiment 3).

The lists of altered protein expression in cholesteatoma in comparison to ear skin
epidermis were subjected to principal component analysis (PCA), that is method
capable of investigating the relation between sample sets and grouping these into
clusters. The PCA plot shown in Figure 13a illustrates the differences in protein
expression of all identified proteins, with the first component (PC1) covering about
36.2% of the data variance and the second component (PC2) covering about 28.6%.
The plot demonstrated the variability between the different skin types and layers.
For instance, it revealed that epidermal torso skin (EP7 and EP8) was distinct
from stratum corneum (SC7 and SC8), which was indicated by the large distance
between both sample types in the plot. Furthermore, the PCA plot displayed that
biological replicates were grouped together and could clearly be distinguished
from each other. However, the protein expression in ES2 was slightly different
compared to its biological replicates (ES1 and ES1) and it correlated more with the
cholesteatoma samples (CH1, CH2 and CH3).
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Additionally, a PCA plot, which only included the regulated proteins, was made.
Figure 13b revealed that a close resemblance of regulated proteins between stra-
tum corneum (SC7-SC8) and cholesteatoma (CH1-CH3) existed. In contrast to the
PCA plot including all detected proteins, looking at the significantly regulated
proteins increased the distance between cholesteatoma and ear skin samples and
ES2 was clearly separated from the cholesteatoma samples in the plot.

Figure 13: Principal component analysis (PCA) plot of all identified and quantified pro-
teins in experiment 3 (a). PCA plot of all proteins regulated in CH vs. ES (p 6
0.05) (b). Abbreviations stand for cholesteatoma (CH), torso skin epidermis
(EP), ear skin epidermis (ES) and stratum corneum (SC).
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The resemblances and differences between the sample sets (only the significantly
changed protein with respect to CH vs. ES) are also reflected in the hierarchical
clustering visualised by a heatmap (Figure 14).

Figure 14: Heatmap of proteome data derived from regulated proteins in CH vs. ES (p 6
0.05). Two major clusters separate the abundances of regulated proteins be-
tween CH, SC and EP to ES samples. The first major cluster forms a subgroup
of cholesteatoma and stratum corneum regulated proteins. Green coloured
proteins are up-regulated, red-coloured proteins are down-regulated and black-
coloured were not regulated CH vs. ES.

As shown with the principal component analysis, the replicates clustered to-
gether. Moreover, the cholesteatoma and ear skin epidermis samples were most far
apart from each other even though they originated from the same patients. How-
ever, only the regulated proteins were used for the cluster analysis. The proteins
expressed in stratum corneum corresponded to the expression in cholesteatoma.
In contrast to this, the entire torso epidermis did not seem to be comparable to
cholesteatoma with regard to the protein expression. By looking at the horizontal
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clustering, it becomes clear that these could be grouped into four different clusters.
A big group of proteins was expressed almost equally in cholesteatoma, stratum
corneum and torso epidermis, but seemed to be down-regulated in ear skin epi-
dermis. Whereas another cluster remained diffuse, one group of proteins was less
expressed in cholesteatoma and showed a similar protein expression in the other
samples. Finally, one group of proteins was expressed equally in cholesteatoma
and stratum corneum and exhibited a higher expression in torso epidermis and
ear skin epidermis.

Although the hierarchical clustering gave insights into the resemblances of repli-
cates and different samples, the biological meaning remained unclear until this
point. Therefore, Ingenuity pathway analysis (IPA) was carried out with all pro-
teins that met the criteria for regulated proteins (CH versus ES, p 6 0.05). IPA is a
powerful tool that combines a literature-based search from high throughput biol-
ogy with the obtained differentially expressed proteins of a large dataset. Thereby,
it is possible to identify related biological pathways and predict if certain biologi-
cal functions are up- or down-regulated [43].

Figure 15: Biological function and involvement in diseases of regulated proteins revealed
by downstream effect analysis (CH vs. ES, p 6 0.05). The tree-map shows the
groups of related functions and the particular biological function or disease,
regulated proteins were associated with. The darker the colour, the higher
were the absolute z-scores. The map was generated with IPA and cropped to
increase the readability.

The downstream effect analysis revealed, that regulated proteins were associ-
ated with organismal injury and abnormalities, dermatological diseases and con-
ditions and hair and skin development and function (Figure 15). However, most
proteins were either associated with a function in organismal injury and abnor-
malities or with a role in dermatological diseases and conditions. Despite the
hyperproliferative characteristics found in cholesteatoma, no functional protein
groups prominent in cancer were identified. Nevertheless, these downstream ef-
fect analysis only gave a rough overview of the regulated proteins.
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Further hints for the molecular pathways involved in the pathogenesis of choles-
teatoma were achieved by looking at the protein-protein interactions of the altered
proteins (Figure 16). Although four relevant networks were identified in total,
only two of them were used in the following analysis to concentrate on the inflam-
matory and vulnerable characteristics of cholesteatoma. 16 out of 85 regulated
proteins could be assigned to a network controlling cellular movement, immune
cell trafficking and inflammatory responses. In this, the extracellular proteins were
dominantly down-regulated in cholesteatoma, while the up-regulated molecules
were many cytoplasmic ones. For instance, the inflammatory proteins Protein
S100A7, or also known as Psoriasin, and protein S100A8, were both up-regulated
in the cytoplasm of cholesteatoma cells. Furthermore, also extracellular proteins
interfering with the immune system were up-regulated in cholesteatoma, namely
the endopeptidase inhibitor Elafin. In contrast to this, cell adhesion and extra-
cellular matrix proteins such as Collagen alpha-2(VI) chain, Mimecan, Lumican,
Decorin and Fibromodulin were down-regulated in cholesteatoma compared to
patient matched ear skin epidermis.

In line with this, the second network from all regulated proteins was related
to dermatological diseases and conditions, organismal injury and abnormalities
as well as cellular movement and contained similar proteins that were altered in
cholesteatoma. 13 out of 85 proteins were displayed in this network and mostly
extracellular proteins were dominantly down-regulated, whereas the majority of
up-regulated proteins was located in the cytoplasm. Again, Psoriasin and protein
S100A8 were up-regulated in cholesteatoma cells. Other identified up-regulated
proteins in in the cytoplasm comprised, Calcium/calmodulin-dependent protein
kinase type II delta chain (CAMK2D) and High mobility group protein B2 (HMGB2).
Moreover, Calmodulin-like protein 5 (CALML5), which is known to be involved in
skin development, was up-regulated in cholesteatoma. Besides, Filaggrin (FLG) is
also found up-regulated and is involved in the aggregation of keratin intermediate
filaments, the terminal differentiation of human epidermis as well as the cornifica-
tion process. The down-regulated proteins in cholesteatoma compared to ear skin
were mainly Collagen alpha-1(I) chain (COL1A1) and Collagen alpha-2(I) chain
(COL1A2).
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Figure 16: Networks of regulated proteins and respective biological functions of these
networks. The regulated proteins (CH vs. ES, p 6 0.05) and their log2 fold
change were uploaded in IPA generating networks and assigning the biolog-
ical function or disease to them. Reddish colours indicate an up-regulation,
whereas bluish colours represent a down-regulation. Direct protein interac-
tions are shown with a solid line, while indirect interactions are symbolised by
a dashed line.
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Figure 17: Potential upstream regulators causing the alterations in the regulated proteins
(CH vs. ES, p 6 0.05). The upstream regulators were identified by using
the IPA software. Reddish colours express an up-regulation, whereas bluish
colours indicate a down-regulation. Direct protein interactions are shown with
a solid line, while indirect interactions are symbolised by a dashed line.

Since many inflammatory proteins such as Psoriasin and Protein S100A8 were
up-regulated in cholesteatoma, IL-1A was proposed as a potential upstream regu-
lator. Furthermore, the increased expression of these inflammatory proteins and
Elafin (PI3) plus the decreased expression of Collagen alpha-2(I) chain (COL1A2)
pointed towards a potentially up-regulated TNF triggering these alterations. Fi-
nally, the down-regulation of different collagens in cholesteatoma were accompa-
nied with an increased expression of Myc proto-oncogene protein (MYC), when
looking at the IPA upstream regulator prediction.



5 D I S C U S S I O N

In order to understand the pathogenesis and the origin of the acquired middle ear
disease cholesteatoma, different skin layers from human skin were compared with
cholesteatoma tissue. Thereby, an understanding of the alterations of the extra-
cellular matrix and of the stratum corneum-like structure found in cholesteatoma
should be gained. Moreover, the role of certain proteins in the inflammation pro-
cess of acquired cholesteatoma should be demonstrated.

�.� ���������� �� ����� ���� ������ ��� ��������
�������������

The structures of hematoxylin and eosin (H&E) stained skin and cholesteatoma
sections were investigated at multiple magnifications with a light microscope. The
results showed that the epidermis in skin or the perimatrix in cholesteatoma, the
equivalent ’active part’, was found in both tissue types which is in line with other
findings [4]. However, going into the detail revealed that the cholesteatoma per-
imatrix with a width of around 50-150 µm was significantly enlarged compared
to the skin epidermis width of ca. 50-70 µm. Additionally, cholesteatoma stra-
tum corneum was found to be twice as thick in contrast to skin stratum corneum.
These results were in line with other findings published before [5, 44].

Skin and cholesteatoma tissue were investigated by CARS microscopy, indicat-
ing that more lipids were visible in cholesteatoma perimatrix than in skin epi-
dermis. Collagen could be visualised by its emitting SHG signal and was found
in skin dermis and cholesteatoma matrix, but not in skin epidermis as well as
cholesteatoma perimatrix. Furthermore, no evidence for collagen in skin stratum
corneum and cholesteatoma stratum corneum was found. Both findings are sup-
ported by the literature [45]. However, the images suggested that collagen was
not only reduced in cholesteatoma matrix, but also that the fibre bundles were
less-ordered. On top of that, no collagen signal was obtained for the stratum
corneum-like structure present in the middle of the cholesteatoma samples. Since
it was reported that a collagen breakdown is associated with resorption of connec-
tive tissue and bones, the obtained results might further support this finding of
Abramson et al. [46]. Additionally, protein autofluorescence was detected in the

37
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stratum corneum-like structures of cholesteatoma. Water was found to be accu-
mulated in the epidermal basement membrane of skin, but since a similar water-
enriched structure was detected in cholesteatoma, this gives strong evidence for
the presence of a epidermal basement membrane in cholesteatoma. A major hy-
pothesis in cholesteatoma pathogenesis is the disruption or loss of this basement
membrane, thereby allowing the migration of keratinocytes into the cholesteatoma
matrix [7]. This major hypothesis has been challenged by observing that an intact
basement membrane seemed to be present in cholesteatoma perimatrix. It could
either mean that only the viewed regions of the samples were intact or that the
disruption of the basement membrane needs to be verified. Certainly, a change
around the basement membrane occurs in the cholesteatoma matrix also observed
by others [47, 48]. This change was also accompanied by a reduction or loss of the
collagen layer as detected by Shunyu et al. [49].

�.� ��������� �������� �� ������������� ��� ����

�.�.� Combination of laser capture microdissection and skin proteomics

The presented results of the laser capture microdissection (LCM) demonstrated
that the separation of human epidermal skin layers was conducted successfully. It
was shown that both the stratum basale containing the stem cells of the skin and
the stratum spinosum were isolated via LCM. However, it was not possible to col-
lect cells from the two remaining layers, the stratum granusolum and the stratum
corneum. In the former case, this was due to the reason that the stratum granulo-
sum layer is very thin with a thickness of just 1-2µm and difficult to distinguish
from the other cell layers. On top of that, it was shown that the laser exhibited
a cut thickness of 5.6µm. Hence, cutting around a specific area destroyed cells
in a radius of 11.2µm, which made the excision of thin layers extremely difficult.
Furthermore, the laser beam was not able to cut through highly connective tissue
such as the stratum granusolum, as the cutting process had to be repeated up
to five times before the sample could be lifted up. This would have yielded in
the destruction of the sensitive stratum granusolum and thus this cell layer was
not studied in the present work. Additionally, it was also not possible to obtain
the stratum corneum layer. Even though the stratum corneum was released after
several cutting repetitions, it did not adhere to the lid of the tubes. Hence, the
present LCM system was not suitable for separating all four different epidermal
layers, which resulted in neglecting the stratum granusolum and obtaining the
stratum corneum by a different procedure.
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Furthermore, collecting cell populations for the proteomic analysis via LCM was
extremely time-consuming. The collection of 1 µg protein from one skin layer ap-
proximately amounted a workload of six hours. As a consequence, it was aimed
to collect 5 µg of protein per skin layer, to achieve 20 µg of an iTRAQ-labelled
peptide mixture in total. To minimise a potential sample loss, a desalting step was
omitted in the first place. However, without desalting the sample was highly vis-
cous and could not be loaded onto the LC system in two attempts causing a high
sample loss. To analyse the remaining sample it was desalted, which resulted in
approximately 5 µg labelled peptides analysed by LC-MS/MS. This sample loss
and the high dynamic range between highly abundant proteins, such as the iden-
tified keratins, might have resulted in the low protein identification rate. However,
all identified proteins in this study were well-known skin proteins and take over
skin functions in tissue, epidermis and skin development. This further supports,
that only the 21 most abundant proteins were successfully identified.

A similar study conducted recently, sampled fresh frozen paraffin-embedded
(FFPE) skin sections of leg and breast tissue and aimed at comparing proteins
from the dermal basement membrane, the papillary dermis and reticular dermis
[50]. In total, 2 mm2 of each tissue were collected, which would be comparable to
this study without the unintended sample loss. Mikesh et al. were able to obtain
~150-170 proteins in their label-free MS analysis. The relatively low rate of iden-
tified proteins from their study might further support the hypothesis that more
cells need to be collected for a successful analysis of skin by proteomics. On other
hand, Liu et al. demonstrated the lower limit of LCM and MS-based analysis, by
collecting only 4, 000 epithelial breast cancer cells (corresponding area 0.5 mm2)
with an estimated amount of 400 ng digested proteins, that was sufficient to iden-
tify ~1, 800 proteins [39].

Taken together, it was demonstrated that LCM is a technique capable of sepa-
rating distinct layers from human skin. By following the introduced protocol, this
study was the first to report the successful collection of stratum basale and stra-
tum spinosum cells. Due to the immense time exposure of LCM, it was attempted
to perform this study with small sample amounts. However, this did not result in
a many identified proteins, as other factors as the unintended sample loss as well
as the high dynamic range of the analysed protein mixture took an effect on the
protein identification rate.

In the future, more time should be spent on collecting more biological material
via LCM. A subsequent appropriate and effective pre-fractionation method might
enhance the protein identification rate significantly and could lead to a deeper un-
derstanding of the keratinisation process of the different skin layers and the origin
of cholesteatoma formation.
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�.�.� Skin proteomics methodology and identification rates

Before doing a TMT multiplexing quantification experiment, a pre-fractionation
method was tested exclusively on cholesteatoma and stratum corneum samples. In
this study, high pH reversed-phase high pressure liquid chromatography (hpRP-
HPLC) in combination with a 2 h stepped gradient was performed to achieve a
sufficient separation of cholesteatoma and stratum corneum proteomes. This was
crucial because low-abundant proteins and biomarkers would stay undetected in
highly complex protein mixtures with a high dynamic range as present in human
skin without doing pre-fractionation before LC-MS/MS.

Using this method, a total of 3, 230 proteins could be identified, whereof 2, 905
proteins were found in cholesteatoma and 1, 054 proteins in stratum corneum. This
was in line with other studies analysing the proteome of cholesteatoma. Britze et al.
studied the proteome of cholesteatoma and compared it to the protein expression
in different skin regions of the ear and identified 2, 426 proteins in all tissues by
using pre-fractionation via SDS-PAGE and subsequent LC-MS/MS [7]. Moreover,
another study performing hpRP-HPLC and LC-MS/MS to examine the protein
expression of cholesteatoma identified 1, 662 proteins [6]. Even though the selec-
tion criteria of proteins during the database search might vary, the identification
rate of this experiment was satisfactory. Since a high percentage of identified
proteins was exclusively found in one out of four fractions, it was demonstrated
that hpRP-HPLC is a capable separation method for skin proteomics. As indi-
cated in many studies, hpRP-HPLC increases the identification rate significantly
[51, 52]. This was specifically shown by Bliss et al., who studied full thickness
skin and compared a gel-based fractionation with hpRP-HPLC fractionation and
reported a ten-fold greater number of detected proteins [53]. Here, 2, 905 proteins
of cholesteatoma were found in one sample set, whereas Britze et al. summed up
three sample sets to achieve a total number of 2, 426 proteins. So far, no proteomic
studies on stratum corneum from healthy skin have been performed, but stratum
corneum obtained via tape stripping techniques from atopic dermatitis patients
was analysed by Sakabe et al., who reported a number of 421 identified proteins
[54]. This corresponds only to 60% of the proteins found in this study, which
might be due to the different isolation method of the stratum corneum layer.

The comparison of the results from all three proteomics experiments showed,
that the quantitative protein analysis of cholesteatoma, torso epidermis, ear skin
epidermis and stratum corneum skin (experiment 3) yielded in a decreased num-
ber of 1, 708 identified and quantified proteins compared to the label-free hpRP-
HPLC-MS/MS-based analysis of stratum corneum and cholesteatoma (experiment
2) detecting 3, 230 proteins. This variation between the experiments was reason-
able, since biological samples from different patients often show a high variability,
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which to some extent also depends on the degree of inflammation [55]. How-
beit, this resulted in a 47% lowered number of identified proteins. As mentioned
before, other label-free quantitative proteomics of cholesteatoma and surrounded
skin, achieved a total of 2, 408 identified and quantified proteins [7]. A partial
explanation for the different results could be, that their study involved the anal-
ysis of nine individual cholesteatoma samples, thereby covering more biological
replicates. Another explanation for the difference in identified proteins could be
provided by a study by Megger et al., who revealed that label-free proteomics
tends to outperform label-based proteomics by far in terms of proteome coverage,
but lacks in quantification accuracy [56]. The only other comparable study on
cholesteatoma and surrounding tissue using label-based MS/MS was conducted
on full thickness skin [6]. However, full thickness skin contains an even higher
percentage of fat tissue enhancing the well-known problems occurring in human
skin proteomics such as that the high lipid content, the insolubility or extensive
cross-linking of proteins causes difficulties [53]. Therefore, normal epidermis from
the torso and ear skin epidermis samples used in this study, were subjected to a
separation process to isolate the epidermis from the dermis.

�.�.� Molecular alterations in cholesteatoma and their relation to other skin
layers

In order to reveal the quality of the data and to examine the origin of cholesteatoma,
the clustering of the protein expressions was visualised by a PCA plot (Figure 13).
This PCA plot, besides one outlier, indicated that the protein abundance of all
replicates from one tissue group was very similar, but also very distinct from
other tissue types. Concerning the origin of the different samples, single skin
layers, entire epidermal layers from different body regions and a disordered epi-
dermal tissue, it should be considered that the protein expression was so divergent.
The PCA plot further demonstrated that normal epidermis and stratum corneum
proteins were differentially expressed. Since the stratum corneum skin layer was
obtained by enzymatic separation from full thickness normal epidermis skin, the
efficiency of this separation method was proven. When discussing the PCA plot
including only the regulated proteins in cholesteatoma compared to ear skin epi-
dermis, it could be pointed out that cholesteatoma and stratum corneum exhibited
a similar pattern in protein expression. Bioimaging of human stratum corneum
and cholesteatoma already revealed a similarity between both tissues and this the-
ory that cholesteatoma is, at least partly, built out of stratum corneum was further
supported by this study [5, 44].
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Indeed, stratum corneum marker proteins such as the calmodulin-like skin pro-
tein described as a marker of late keratinocyte differentiation were found to be
up-regulated in cholesteatoma compared to ear skin epidermis and reached a level
similar to the protein expression in stratum corneum [57]. However, other proteins
known for a specific expression in the stratum corneum such as Corneodesmosin
and Kallikrein 5 were also detected in cholesteatoma samples, but did not seem
to be significantly altered. Here, the expression level in stratum corneum was by
far the highest. This difference between cholesteatoma and stratum corneum was
further promoted by the contrasting protein content of both samples. Since an
increasing stratum corneum depth is accompanied by a reduction of the amount
of total protein, the lower identification number in the stratum corneum deter-
mined in experiment 2 could emphasise the differences between cholesteatoma
and stratum corneum [58]. Furthermore, many different proteins seemed to be
up-regulated in stratum corneum compared to cholesteatoma, but more replicates
need to be analysed to draw a proper conclusion.

Apart from the similarities between cholesteatoma and stratum corneum, the
middle ear disease was assumed to have cancerous origin for a long time. To in-
vestigate the tumorous properties of cholesteatoma, up- and downstream pathway
were analysed, but they did not point towards any cancer pathways activated in
cholesteatoma tissue. In contrast to this, Serpin B3 and other serpin proteins such
as Serpin B4 and Serpin B13 were significantly up-regulated in cholesteatoma tis-
sue in this study. Both Serpin B3 and Serpin B4 were associated with squamous
cell carcinoma [59, 60]. Ho et al. also observed an over-expression of Serpin B3
in cholesteatoma compared to retro auricular skin by proteomics, immunohisto-
chemistry and western blotting and proposed an association to proliferation and
growth of cholesteatoma [61]. By looking at up-regulated proteins, many proteins
such as Calcium/calmodulin-dependent protein kinase type II delta chain and
High mobility group protein B2 were mainly associated with cell differentiation
and cell growth or stem cell proliferation, respectively [62].

Even though these proliferative proteins were found in cholesteatoma, the dis-
ease is not numbered among cancerous ones [63]. Likewise, this study revealed
that the altered protein expression in cholesteatoma was mainly related to inflam-
mation and an impaired extracellular matrix.

The biggest group of up-regulated proteins in cholesteatoma compared to ear
skin epidermis comprised proteins of the immune system. The expression of var-
ious S100 proteins was increased. For instance, Psoriasin is an antimicrobial pro-
tein secreted by keratinocytes that protects the human skin from Escherichia coli
infection [64]. Apart from that, in breast cancer it was shown to be induced by
pro-inflammatory cytokines and up-regulated many pro-inflammatory molecules
such as interleukin-1A itself [65, 66]. The other two S100 proteins, namely S100A8
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and S100A9, act in a complex as damage associated molecular pattern (DAMP)
molecules being the early amplifiers of local inflammation [67]. Indeed, one study
proposed that the inflammation in cholesteatoma is only local and not systemic
[68]. The increased expression of molecules closely related with inflammation in
cholesteatoma was further supported by their upstream regulators. Interleukin-1A
and TNF were proposed to be upstream regulators, whereby both of them induce
pro-inflammatory processes. Blockade of TNF signalling pathways was described
to be beneficial in inflammatory skin diseases such as psoriasis. The findings of
an increased inflammatory signalling in cholesteatoma are in line with Si et al.,
who observed an infiltration of inflammatory cells in the matrix and perimatrix as
well as an increased expression of TLR4 and pro-inflammatory cytokines [69]. In
addition to this, further inflammatory proteins such as the HMGB1 suspected to
promote the progression of inflammation were identified as up-regulated in this
study [70].

Furthermore, the activation of pro-inflammatory pathways might have caused
the degradation of the extracellular matrix. Many extracellular matrix proteins
such as collagens that take over functions in forming fibrillary collagen, thereby
strengthening and supporting connective tissue, were down-regulated in choles-
teatoma. Interleukin-1 and Tumour necrosis factor (TNF)-alpha were described
to inhibit collagen synthesis [71]. In addition to this, the potential upstream reg-
ulator Myc negatively regulates proteins of the extracellular matrix (ECM) [72].
Anyhow, a degradation of the ECM is mainly mediated by matrix metalloproteins
(MMPs) such as MMP-1, MMP-3 and MMP-13, but these were not significantly up-
regulated in cholesteatoma [73, 74]. Since the ECM is responsible for skin integrity,
a reduced collagen content can have drastic effects and was already reported for
different diseases such as the Ehlers-Danlos syndrome [75]. If the extracellular ma-
trix is impaired, it is reported to affect several cell processes, for instance normal
homeostasis, wound healing and disease mechanisms [76]. Moreover, a dysfunc-
tion of the extracellular matrix influences the cellular movement, cell adhesions
and cell migration as well as regulation of cell proliferation and differentiation
leading to a breached basement membrane, which could cause the invasion of ker-
atinocytes [77]. Basement membrane alterations were also observed in psoriasis
and appeared together with keratinocyte overexpression [78].

All in all, cholesteatoma has been shown to contain inflammatory elements and
an impaired extracellular matrix resembling the stratum corneum to some extent.
Furthermore, cholesteatoma showed similarities to the well-known skin disorder
psoriasis, as both share the same upregulators. Bioimaging results indicated an al-
teration of the cholesteatoma matrix. This could be induced by pro-inflammatory
proteins impairing the extracellular matrix thereby breaching the basement mem-
brane. Nonetheless, the molecular reason for an activation of these inflammatory
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pathways and the origin of this disordered tissue remains to be determined. In
order to validate the obtained results, a larger set of cholesteatoma, ear skin and
stratum corneum samples needs to be investigated. The subsequent validation of
identified proteins could afterwards be carried out by bioimaging techniques and
the specific labelling of proteins in cholesteatoma tissue. This could ultimately
lead to the identification of candidate biomarkers and drug targets that might
finally enable the effective treatment of cholesteatoma.



A A P P E N D I X

�.� ������ �� ������ ��������� �� ���������� 1

To further elucidate the reasons behind the low number of identified proteins in
the iTRAQ-labelled comparative analysis of stratum basale, stratum spinosum,
stratum corneum and cholesteatoma (experiment 1), the success of the enzymatic
trypsin digestion was verified by analysing the number of missed cleavage sites
on the peptide level. However, the results displayed in Figure 18 indicated that
the trypsin digestion in both the cholesteatoma and stratum corneum sample was
successful.

Figure 18: Peptide-spectrum matches (PSMs) number of missed cleavages from iTRAQ-
labelled experiment (experiment 1).
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�.� ������ ������� �� ��� ���������� �������� ����
���������� 1

All proteins identified in the iTRAQ-labelled experiment (experiment 1) were used
to create a STRING network in order to reveal protein-protein interactions. Besides
the four keratin proteins Keratin, type II cytoskeletal 1 (KRT1), Keratin, type II
cytoskeletal 2 epidermal (KRT2), Keratin, type II cytoskeletal 5 (KRT5) and Keratin,
type I cytoskeletal 10 (KRT10), that build a cross-linked network, no interactions
between the remaining proteins were observed.

Figure 19: The String network created from all identified proteins of the iTRAQ labelled
samples.
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All proteins that are up- or down-regulated in cholesteatoma (CH) comparative to
ear skin (ES) are listed in descending order of their log2 fold changes in Tables 2
and 3. From 85 identified proteins 47 proteins were up-regulated and 38 proteins
were down-regulated.

Table 2: List of all 47 up-regulated proteins ES vs CH (p 6 0.05). Log2 fold changes are
displayed in descending order.

Protein name Gene ID Log2 fold change
CH vs ES

Protein S100-A9 S100A9 3.01
Protein S100-A7 S100A7 2.97
Protein S100-A8 S100A8 2.91
Protein S100-A7A S100A7A 2.87
Serpin B3 SERPINB3 2.68
Visinin-like protein 1 VSNL1 2.32
Elafin PI3 2.28
Guanine deaminase GDA 2.23
Keratin, type II cytoskeletal 6A KRT6A 2.10
Arginase-1 ARG1 2.02
Filaggrin FLG 1.99
Immortalization up-regulated protein IMUP 1.94
Ganglioside GM2 activator GM2A 1.85
Serpin B4 SERPINB4 1.81
Keratin, type I cytoskeletal 16 KRT16 1.81
Gamma-glutamylcyclotransferase GGCT 1.76
Protein FAM25D/E FAM25D 1.76
Fatty acid-binding protein, epidermal FABP5 1.72
Beta-hexosaminidase subunit beta HEXB 1.72
Histidine ammonia-lyase HAL 1.67
Gasdermin-A GSDMA 1.61
Eukaryotic translation initiation factor 3 subunit J EIF3J 1.59
Calmodulin-like protein 5 CALML5 1.59
Protein S100-A2 S100A2 1.56
Cellular retinoic acid-binding protein 2 CRABP2 1.53
Filaggrin-2 FLG2 1.52
Heme oxygenase 1 HMOX1 1.51
Neutrophil gelatinase-associated lipocalin LCN2 1.51
Carboxypeptidase A4 CPA4 1.46
Serpin B13 SERPINB13 1.43
Cysteine-rich C-terminal protein 1 CRCT1 1.38
40S ribosomal protein S30 FAU 1.38
Protein MAL2 MAL2 1.33
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Table 2: Continuation of Table 2.

Protein name Gene ID Log2 fold change
CH vs ES

Bleomycin hydrolase BLMH 1.29
High mobility group protein HMG-I/HMG-Y HMGA1 1.27
Superoxide dismutase [Cu-Zn] SOD1 1.20
Utrophin UTRN 1.19
Leucine-rich repeat-containing protein 59 LRRC59 1.18
Calcium/calmodulin-dependent protein kinase II CAMK2D 1.17
Ensconsin MAP7 1.15
Glycerophosphodiester phosphodiesterase protein 3 GDPD3 1.11
Late cornified envelope protein 6A LCE6A 1.08
RNA-binding protein EWS EWSR1 1.05
High mobility group protein B2 HMGB2 1.00
Activated RNA polymerase II transcriptional coactivator SUB1 0.98
Translocon-associated protein subunit alpha SSR1 0.93
60S ribosomal protein L21 RPL21 0.92

Table 3: List of all 38 down-regulated proteins ES vs CH (p 6 0.05). Log2 fold changes
are displayed in ascending order.

Protein name Gene ID Log2 fold change
CH vs ES

Decorin DCN -2.34
Myosin light chain 3 MYL3 -2.27
Collagen alpha-1(I) chain COL1A1 -2.21
Cytochrome b reductase 1 CYBRD1 -2.19
Tensin-1 TNS1 -2.12
Reticulocalbin-3 RCN3 -2.09
Mimecan OGN -2.08
Fatty acid-binding protein, brain FABP7 -2.06
Olfactomedin-like protein 1 OLFML1 -1.91
Collagen alpha-2(I) chain COL1A2 -1.90
Fibromodulin FMOD -1.85
Fatty acid-binding protein, adipocyte FABP4 -1.84
Lumican LUM -1.81
Perilipin-1 PLIN1 -1.79
Prolargin PRELP -1.75
Alcohol dehydrogenase 1B ADH1B -1.65
Laminin subunit gamma-1 LAMC1 -1.63
Neuronal growth regulator 1 NEGR1 -1.63
Collagen alpha-1(XXI) chain COL21A1 -1.61
Mast cell carboxypeptidase A CPA3 -1.60
Adipocyte enhancer-binding protein 1 AEBP1 -1.59
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Table 3: Continuation of Table 3.

Protein name Gene ID Log2 fold change
CH vs ES

Septin-11 SEPT11 -1.59
Tetranectin CLEC3B -1.56
14 kDa phosphohistidine phosphatase PHPT1 -1.55
Procollagen C-endopeptidase enhancer 1 PCOLCE -1.55
Serum deprivation-response protein SDPR -1.53
Polymerase I and transcript release factor PTRF -1.53
Protein AMBP AMBP -1.49
Collagen alpha-2(VI) chain COL6A2 -1.48
Collagen alpha-1(VI) chain COL6A1 -1.47
Collagen alpha-2(IV) chain COL4A2 -1.43
Alpha-taxilin TXLNA -1.41
Trypsin-3 PRSS3 -1.36
Myosin light chain 1/3, skeletal muscle isoform MYL1 -1.35
Complement C1q subcomponent subunit B C1QB -1.29
Membrane primary amine oxidase AOC3 -1.29
HLA class I histocompatibility antigen, A-3 alpha chain HLA-A -1.17
Small nuclear ribonucleoprotein Sm D2 SNRPD2 -1.10
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