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Abstract
Objectives—The goal of this study was to identify novel regulatory mechanisms controlling the
growth and proliferation of cholesteatoma. Specifically, the potential role of microRNAs, regulators
of protein translation, was studied in cholesteatoma.

Study Design—This study represents a molecular biological investigation characterizing and
comparing microRNA and protein expression in cholesteatoma and normal post-auricular skin.

Methods—Cholesteatoma and normal skin were taken from patients at the time of surgery. Tissue
was processed for RNA and protein extraction. Real-time RT-PCR was used to assess levels of human
microRNAs, RT-PCR was used to confirm the presence of upstream regulators, and western blot
analyses were used to assess levels of downstream target proteins.

Results—Among the microRNAs investigated, human microRNA-21 (hsa-mir-21) showed a 4.4-
fold higher expression in cholesteatoma as compared to normal skin (p=0.0011). The downstream
targets of hsa-mir-21, PTEN and PDCD4, were found to be greatly reduced in 3 of 4 cholesteatoma
samples. Proposed upstream regulators of hsa-mir-21 expression (CD14, IL-6R, gp130 and STAT3)
were present in all cholesteatoma tissues.

Conclusions—MicroRNAs represent powerful regulators of protein translation and their
dysregulation has been implicated in many neoplastic diseases. This study specifically identified up-
regulation of hsa-mir-21 concurrent with down-regulation of potent tumor suppressor proteins, PTEN
and PDCD4. These proteins control aspects of apoptosis, proliferation, invasion and migration. The
results of this study were used to develop a model for cholesteatoma proliferation through microRNA
dysregulation. This model can serve as a template for further study into potential RNA-based
therapies for the treatment of cholesteatoma.
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INTRODUCTION
Cholesteatomas are benign epidermally-derived temporal bone lesions that are locally
destructive and frequently recurrent. Cholesteatomas cause temporal bone destruction due to
mechanical pressure, enzymatically mediated bone resorption, and promotion of acute and
chronic infections. Temporal bone erosion may involve the otic capsule and cause
sensorineural hearing loss and dizziness. Erosion into the ossicular chain leading to conductive
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hearing loss is a frequent finding. Cholesteatoma may involve the facial nerve causing
paralysis. Erosion of the tegmen may lead to seizures, encephaloceles, cerebrospinal fluid leaks
and meningitis. Chronic infection with cholesteatoma is common and may lead to mastoiditis,
bacterial labyrinthitis, sigmoid sinus thrombophlebitis, and brain abscess (1,2).

There are no medical therapies for cholesteatoma and current treatment is surgical resection.
Recurrences are common and many individuals with cholesteatoma undergo multiple
operations (3,4). Recurrences, and the need for multiple operations, result in progressively
worse hearing deficits and an increased risk of facial nerve paralysis and other complications.
Ultimate eradication of disease often requires performance of a radical mastoidectomy which
removes the tympanic membrane, ossicles, mastoid and ear canal wall. This results in, at best,
a maximal conductive hearing loss, an abnormal external ear canal, and a chronic need for
clinic visits to clean the mastoid cavity. For the uninsured, indigent, and those without access
to regular medical care, cholesteatoma and its treatment can thus lead to substantial morbidity
and even mortality.

The molecular events governing cholesteatoma formation are not well established (5,6). It is
clear, however, that when squamous epithelium lining the external ear canal or the tympanic
membrane becomes trapped in the external or middle ear spaces a process of hyper-
proliferation ensues (7). Gene expression studies have shown an up-regulation of many growth
factors and signaling molecules (8–13). Similarly, protein expression studies have shown
significant increases in molecules related to growth, proliferation, anti-apoptosis and bone
resorption (14–20). Despite these numerous studies showing activation of similar pathways
there have been no discrete pharmacological targets identified for cholesteatoma management.

We propose that master regulators of these pathways, microRNAs, may provide a better
molecular target for medical management of cholesteatoma. MicroRNAs are evolutionarily
conserved, 22–24 nucleotide long, non-coding RNA molecules that inhibit protein translation.
They play significant roles in regulating cellular pathways including differentiation,
development and apoptosis (21,22). They have also been strongly implicated in oncogenesis
(23). This manuscript provides the first evidence for the potential role of microRNAs in
regulating growth and proliferation in cholesteatoma. Specifically, we identified significant
up-regulation of human microRNA-21 (hsa-mir-21) in cholesteatoma as compared to normal
skin. Further, we investigated the expression of upstream regulators and levels of downstream
targets of hsa-mir-21 to develop a model of cholesteatoma growth and proliferation. This model
may identify targets for RNA and protein based therapeutic interventions for the non-surgical
or adjunctive treatment of cholesteatoma.

METHODS
Tissue Collection

This study was approved by the Institutional Review Board of the Medical College of
Wisconsin and Froedtert Hospital. Seven subjects undergoing cholesteatoma surgery
consented to providing samples of their lesion as well as normal post-auricular skin for
laboratory analysis. All subjects were over 18 years of age, had secondarily acquired
cholesteatoma, and presented with chronic otitis media and cholesteatoma. In cases of revision
surgery the prior scar was resected and uninvolved post-auricular skin was obtained.
Cholesteatoma and normal skin samples were placed into RNase-free microcentrifuge tubes
on dry ice and immediately transported to the laboratory.
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RNA/protein Extraction
Total RNA and protein were extracted from cholesteatoma and control skin using the TRIZOL
reagent (Invitrogen, Carlsbad, CA) per manufacturer’s instructions. RNA was analyzed for
integrity, purity and concentration by gel electrophoresis and spectrophotometry. Protein was
isolated from the aqueous phase of the TRIZOL extraction and reconstituted in 1% SDS plus
8M urea. Protein concentration was determined by BCA assay and stored at −80°C until
analysis.

Real-Time RT-PCR
Real-time RT-PCR was used to compare microRNA levels between cholesteatoma and normal
skin. Ten nanograms of total RNA was reverse transcribed into cDNA using gene specific
reverse transcription primers from the TaqMan® MicroRNA Assays (ABI, Foster City, CA)
and the TaqMan® MicroRNA Reverse Transcription Kit (ABI, Foster City, CA) according to
manufacturer’s instructions. Real-time PCR was performed on the iCycler iQ Multicolor Real-
Time Detection System (Bio Rad Laboratories, Hercules, CA). The cDNA was amplified using
TaqMan® Universal Master Mix (ABI, Foster City, CA) and PCR primers from the
TaqMan® MicroRNA Assays. The thermal cycling conditions were as follows: 95°C hold for
10 minutes, followed by 50 cycles of a 15 second denaturing step at 95°C and a 60 second
annealing and elongation step at 60°C. Fluorescent signal was detected by the iCycler during
the elongation step and the Ct values were determined by the software. Small nuclear RNA
RNU6B was used as a reference RNA. All reactions were run in triplicate and negative controls
(no template) were run. For hsa-mir-21 levels each experiment was performed three times and
standard errors calculated. Fold change in expression was normalized to RNU6B levels and
calculated in standard fashion by 2−(avgΔΔCT). Statistical analyses of expression levels between
cholesteatoma and normal skin were performed by two-tailed Student’s t-test.

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
Confirmation of the presence of up-stream regulators of hsa-mir-21 in cholesteatoma was
performed by RT-PCR. To generate cDNA for RT-PCR, one microgram aliquots of total RNA
were treated with 1U DNase, Amp Grade (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. RNA was then divided into RT positive and RT negative (control)
samples and reverse transcribed using random primers (Invitrogen, Carlsbad, CA) and
SuperScript™ III Reverse Transcriptase (Invitrogen, Carlsbad, CA). Platinum® Blue PCR
SuperMix (Invitrogen, Carlsbad, CA) was used to perform PCR on the resulting cDNA. PCR
primers were designed to amplify CD14 and the membrane bound variant of both IL-6R and
gp130.

CD14: 5′-TCACAAGTGTGAAGCCTGGAAG-3′ and 5′-
ATGGTGCCGGTTATCTTTAGGTC-3′;

IL-6R: 5′-CTTCAGTACCACTGCCCACATTC-3′ and 5′-
GAGCCCGTTTGTGTTTTATCATC-3′;

gp130: 5′-CCATCCCATACTCAAGGCTACAG-3′ and 5′-
GGCTTCAATTTCTCCTTGAGCAAAC-3′.

Primers used to amplify STAT3α / STAT3β have been previously described (24).

STAT3α / STAT3β: 5′-ACCAATATCCTGGTGTCTCC-3′ and 5′-
TTATTTCCAAACTGCATCAATGA-3′.

All RT-PCR products were run on a 2% agarose gel, purified and confirmed by sequencing.
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Western Blot
Levels of down-stream targets of hsa-mir-21 were determined by western blot analysis. Protein
from cholesteatoma and normal skin was extracted using the TRIZOL method as noted above.
Samples (20ng) were resolved using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on a 10% Tris-HCl gel (Bio-Rad, Hercules, CA) and transferred
to a polyvinylidene fluoride (PVDF) membrane. The membrane was probed with specific
antibodies to control and target proteins including mouse anti-actin (control), rabbit anti-PTEN
(Abcam Inc., Cambridge, MA: AB23694), and rabbit anti-PDCD4 (Abcam Inc., Cambridge,
MA: AB51495-100). HRP-conjugated secondary antibodies (goat anti-rabbit HRP or goat anti-
mouse HRP) and Luminol reagent (Santa Cruz Biotechnology (Santa Cruz, CA)) were used to
detect chemiluminescence. Blots were subsequently exposed to x-ray film and developed.
Bands were digitally scanned and analyzed with Adobe Photoshop. Specifically, average pixel
densities and band sizes in actin control bands were used to normalize band density and size
of the target proteins. Target bands from cholesteatoma and skin were then directly compared.
Five measurements were taken for each sample and the results averaged. One western blot was
performed for each of 4 specimens. Four specimens were used for each protein due to
limitations in sample quantity.

RESULTS
Differential Expression of MicroRNAs in Cholesteatoma

Expression levels of a series of microRNAs potentially related to tumorigenesis were
quantitatively compared between cholesteatoma and normal skin using real time RT-PCR.
These microRNAs included hsa-mir-21, -22, -29a, -30a-3p, -330, -153, -152 and -125a (Table
1). Several microRNAs were upregulated in cholesteatoma as compared to normal skin (Figure
1). None of the investigated microRNAs showed lower levels in cholesteatoma. The highest
level of differential expression was with hsa-mir-21 which was 7.46 fold greater in
cholesteatoma as compared to normal skin.

Hsa-mir-21 was subsequently investigated in six cholesteatomas and matched normal skin
samples (Figure 1). These experiments were run four times for each sample pair. Hsa-mir-21
was up-regulated in all cholesteatomas as compared to normal skin. Expression was at least 2-
fold higher in all samples and as much as 8-fold higher in one sample. The average fold increase
in expression in cholesteatoma was 4.4 (p=0.0011).

Presence of Up-Stream Regulators of Hsa-mir-21 in Cholesteatoma
In light of prior studies, we sought to demonstrate the presence of key elements of signaling
pathways that lead to the expression of hsa-mir-21. These include cell membrane receptors and
transcription factors. Specifically, RT-PCR was performed on cholesteatoma to show the
presence of mRNA for the lipopolysaccharide receptor CD14, the IL-6 receptor components
IL-6R and gp130, and the transcription factor STAT3. These components were identified in
all samples studied (Figure 2). Sequencing of the amplicons confirmed their identities. RT(−)
controls demonstrated no evidence of DNA contamination.

Down-Regulation of Down-Stream Targets of Hsa-mir-21
Hsa-mir-21 has been well-studied due to its role in tumorigenesis. Among the downstream
targets of hsa-mir-21 are PTEN and PDCD4. PTEN is considered the most highly mutated
tumor-suppressor gene found in neoplasms since the identification of p53 (25). PTEN
suppresses several pathways involved in cell proliferation, anti-apoptosis, and cell migration
(25,26). Reduced PTEN expression has been identified in approximately half of all tumors
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investigated (26). Our hypothesis is that the increased levels of hsa-mir-21 would inhibit PTEN
translation and similarly reduce levels of this protein in cholesteatoma.

While PTEN is the most prominent of hsa-mir-21 targets, other transcript targets have also
been associated with tumorigenesis. Among these is PDCD4: programmed cell death 4. In a
mouse cancer model PDCD4 was shown to suppress benign and malignant skin tumor
formation and progression (27). PDCD4 levels have been clearly shown to be down-regulated
by hsa-mir-21 (28). PDCD4 down-regulation would release restraints on cell growth and
proliferation in cholesteatoma. Thus, this experiment investigated whether the increased levels
of hsa-mir-21 are associated with decreased levels of the tumor suppressor PDCD4.

Western blot was used to compare levels of PTEN and PDCD4 protein in cholesteatoma as
compared to normal skin (Figure 3). Expression of PTEN was reduced in 3 of 4 cholesteatoma
samples. In two of these experiments there was an absence of detectable PTEN in
cholesteatoma. Similarly, cholesteatoma expression of PDCD4 was also reduced in 3 of 4
patients when compared to matched normal skin controls. Absence of PDCD4 was noted in
one sample. There was no direct correlation between protein levels and hsa-mir-21 levels (see
figure 1) within each sample.

DISCUSSION
MicroRNAs represent powerful regulators of protein translation and have been implicated in
neoplastic and hyper-proliferative diseases. This study specifically identified up-regulation of
hsa-mir-21 in cholesteatoma as compared to normal skin. Increased levels of hsa-mir-21 have
been identified in many solid tumors including breast, liver, colorectal and brain (28–32). Hsa-
mir-21 up-regulation has also been seen in non-malignant lesions such as vestibular
schwannoma (33). Hsa-mir-21 inhibits the translation of several tumor suppressor proteins and
thus represents a common entry-point into pathways regulating growth and proliferation.

Based upon the results of this study and evidence in the literature a model for hsa-mir-21
regulated cholesteatoma growth and proliferation was developed. This model proposes that
infection and lipopolysaccharide receptor activation is the initial stimulus for cholesteatoma
growth. Subsequent IL-6 production activates the JAK/STAT/MAPK pathway through the
IL-6 receptor composed of IL-6R and gp130. The subsequent phosphorylation of STAT3
causes increased expression of hsa-mir-21 which suppresses the translation of PTEN and
PDCD4 leading to keratinocyte proliferation, migration, growth, and invasion (Figure 4).

The most prominent target of hsa-mir-21 is PTEN, whose expression has been clearly shown
to be mediated by hsa-mir-21 (30,31). PTEN is a phosphatase that maintains low levels of
phosphatidylinositol (3,4,5)-triphosphate (PIP-3) by conversion to PIP-2. If PTEN fails to
maintain this homeostasis, PIP-3 levels increase and activate the Akt/PKB pathway. Akt/PKB
pathway activation has many effects including inhibition of apoptosis by effects on BAD,
caspase-9, and Forkhead transcription factors (25,34). The Akt/PKB pathway also promotes
cell growth and proliferation by activating the mTOR pathway and by effects on p27Kip1 and
GSK-3(35,36). Also seen is activation of Ras/MAPK signaling through release of inhibition
on Shc (37).

This study demonstrated decreased levels of PTEN concurrent with increased levels of hsa-
mir-21. If this is a functional relationship we would expect cholesteatoma to show alterations
in the targets of PTEN, namely Akt/PKB mediated pathways. Indeed, Akt/PKB and Ras/
MAPK pathways have been identified as up-regulated in cholesteatoma as compared to normal
skin (38,39). Further, PTEN has been found to be reduced in cholesteatoma concurrent with
increased Akt phosphorylation (39). The Akt/PKB and Ras/MAPK pathways also show
increased activation in keratinocytes of a PTEN-deficient mouse model (26). This mouse
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develops epidermal hyperplasia and hyperkeratosis and has keratinocytes which are hyper-
proliferative, resistant to apoptosis, and show increased migration.

This study demonstrated that PDCD4, another target of hsa-mir-21, is also reduced in
cholesteatoma as compared to normal skin. PDCD4 suppresses several targets which regulate
translation and cell proliferation: eukaryotic initiation factor 4a, AP-1-mediated trans-
activation, and the kinase inhibitor p21 (29,40). Several studies have shown that PDCD4 levels
are down-regulated by hsa-mir-21 (28,29,40). These reduced levels of PDCD4 have been
implicated in tissue invasion and proliferation (29,40). In a mouse cancer model, the presence
of PDCD4 was shown to suppress benign and malignant skin tumor formation and progression
(27). Our model is consistent with these findings and proposes that hsa-mir-21 inhibits PTEN
and PDCD4 translation leading to keratinocyte proliferation.

One theory of cholesteatoma proliferation is that activation of growth and proliferation is
secondary to infection and resultant cytokine production (5,41). Lipopolysaccharides from
bacterial infections are postulated to stimulate the bone resorption caused by cholesteatoma
through activation of cytokines and proteinases (42). Lipopolysaccharides activate IL-1, IL-6
and TNF-α production as well as induce increased levels of matrix-metalloproteinases (42).
These factors have been shown to be over-expressed in cholesteatoma (10,14,15,43–46). Most
notable among these activators is IL-6 which, through a gp130 mediated receptor, activates
STAT3, a critical signal transducer and activator of transcription associated with malignant
transformation and tumorigenesis (47). STAT3 has been identified as a transcription factor
definitively promoting hsa-mir-21 transcription and expression (48). We showed that these
components of the pathway promoting hsa-mir-21 expression (i.e., IL-6R, GP130, CD14 and
STAT3) are present in cholesteatoma. This would provide a mechanism by which infection
can lead to microRNA expression and subsequent suppression of PTEN and PDCD4
production.

An experimental consideration is the use of post-auricular skin as a control for cholesteatoma.
Some studies have suggested that canal skin provides a better control for cholesteatoma as it
has greater similarity in protein expression (14,49). Those studies, however, investigated only
a limited number of proteins as opposed to a comprehensive genetic profile. Further, canal skin
is typically within the infected field and may not be representative of the normal skin condition.
For example, exposure of the canal skin to chronic purulent otorrhea may stimulate receptors
and cytokine expression leading to changes in baseline gene/protein expression. Post-auricular
skin, on the other hand, is outside the infected field and is widely used and continues to serve
as a control in many cholesteatoma studies (14,39). It is also abundant and allows enough
material for RNA and protein studies. Further, the genetic background provided by post-
auricular skin (i.e., epithelial) remains a good template for interpreting cholesteatoma findings.

Another consideration in this study is the heterogeneity of the tissues studied. Cholesteatoma
may include bacteria as well as immune response cells such as neutrophils and lymphocytes.
Skin controls may inadvertently include subcutaneous fat or have different proportions of
keratinocytes and fibroblasts. Inflammatory and fat cells are a distinct minority of the total cell
mass in these tissues and are unlikely to be the source of differential expression. Keratinocytes
are the predominant cell in both these tissues and are the likely source of differing levels of
microRNA and protein; however, fibroblasts may also be implicated in this pathology. There
is some evidence that fibroblasts may serve as a “feeder” for keratinocytes with regards to the
cholesteatoma phenotype (50,51). If this is the case, the heterogeneity inherent in this study is
advantageous and a better reflection of the pathologic condition. Current experiments in our
laboratory looking at isolated keratinocytes in culture may help to distinguish the independent
roles of these cell types.
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Surgical resection is the only treatment option currently available for primary, secondary, and
recurrent cholesteatoma. The proposed model for cholesteatoma pathogenesis provides novel
targets for pharmacological therapies. Of particular interest would be targeting hsa-mir-21 with
a microRNA inhibitor. Indeed, RNA-based therapies have shown promising results for the
suppression of biological pathways. For example, systemic administration of an anti-
microRNA toward mir-122 in monkeys successfully reduced microRNA levels and affected
down-stream cholesterol production (52). Interfering RNAs applied trans-tympanically or
topically at the time of surgery may be capable of suppressing cholesteatoma growth or
recurrence. Such pharmacological therapies may need to target multiple components of the
hsa-mir-21 pathway. For example, STAT3 inhibitors have demonstrated the ability to decrease
cell proliferation in breast cancer and would add to the inhibition of hsa-mir-21 activity (47).
We are currently characterizing a keratinocyte cell culture model in which to test potential
inhibitors of this pathway.

CONCLUSION
This study proposes a novel microRNA-based model to explain the growth and proliferation
of cholesteatoma. We have demonstrated the presence and expression levels of many of the
components of this model within cholesteatoma. Ongoing studies are characterizing additional
proteins related to hsa-mir-21 expression and activity. These may reveal critical roles of other
targets of hsa-mir-21 such as TPM1, an enzyme down-regulated in breast carcinoma and able
to inhibit tumorigenesis when over-expressed (53–55). The relatively easy access of the middle
ear to intra-tympanic drug delivery makes an RNA-based topical inhibitor of cholesteatoma
growth an attractive mode of primary or adjunctive therapy. This model provides an initial
template to begin to explore such new leads and novel medical treatments for cholesteatoma.
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Figure 1.
Real-time RT-PCR demonstrated increased expression of several microRNAs in a single
cholesteatoma sample (C1) when compared to matched post-auricular skin (S1) (left).
Subsequent real-time RT-PCR specifically for hsa-mir-21 demonstrated between two- and
eightfold increased expression in cholesteatoma: avg: 4.4, p=0.0011 (right).
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Figure 2.
RT-PCR demonstrated mRNA expression of gp130, IL-6R, STAT3, and CD14 in
cholesteatoma tissue. These proteins are integral components in pathways that may promote
hsa-mir-21 expression in response to inflammation and infection. STAT3 shows a lighter
second band which reflects the ϐ-isoform of STAT3.
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Figure 3.
Cholesteatoma and matched skin samples were analyzed by western blot for levels of
downstream hsa-mir-21 targets (top). These analyses demonstrated significant reductions in
PTEN and PDCD4 protein levels in cholesteatoma as compared to normal skin in 3 of 4
specimens studied for each protein (bottom). The y-axis represents percent difference in
expression in cholesteatoma than in skin (i.e., negative values equate to less expression in
cholesteatoma).
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Figure 4.
These data help to formulate our model of hsa-mir-21 up-regulation in epithelium, which leads
to PTEN and PDCD4 suppression and subsequent cholesteatoma formation. We postulate that
hsa-mir-21 up-regulation is secondary to infection and resultant cytokine production.
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