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MicroRNA let-7a suppresses the growth and
invasion of cholesteatoma keratinocytes
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Abstract. Cholesteatomas are benign epidermally-derived
lesions of the temporal bone that are caused by migration
of hyperproliferative keratinocytes into the middle ear and
mastoid cavity. The molecular mechanisms that regulate
the pathogenesis of cholesteatomas are currently not fully
understood. The present study demonstrated the antigrowth
and anti-invasive effects of let-7a microRNA (miRNA) on
cholesteatoma keratinocytes. Let-7a inhibited the growth of
cholesteatoma keratinocytes through two different mecha-
nisms: Restriction of the proliferation of keratinocytes by
promoting cell cycle arrest in the GO/GI phase, and the
induction of apoptosis of the cells. In addition to its role in
the inhibition of cell growth, let-7a suppressed the migration
and invasion of cholesteatoma keratinocytes. A mechanistic
study showed that let-7a downregulated the expression of
miR-21. Considering the function of miR-21 in the regulation
of proliferation and apoptosis, let-7a may control cell prolif-
eration and apoptosis by regulating miR-21, and its targets, in
cholesteatoma keratinocytes. In conclusion, the present study
showed that let-7a downregulates the expression of miR-21,
resulting in the suppression of proliferation and induction of
apoptosis. The results of the present study reveal the crucial
role of let-7a miRNA in the inhibition of growth and invasion
of cholesteatoma keratinocytes.

Introduction
Cholesteatomas are gradually expanding, destructive lesions

of the temporal bone (1). The presence of destructive epithelial
lesions of the temporal bone results in the erosion of adjacent
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bone structures, and leads to various complications, including
otalgia, malodorous otorrhea and hearing loss (2). There are
two types of cholesteatomas: Congenital and acquired (2). The
common feature of these two types of cholesteatomas is the
migration of keratinized hyperproliferative squamous epithe-
lium, from a fibrous stroma into the middle ear and mastoid
cavity (2). A previous study demonstrated that keratinocyte
proliferation and migration is mediated by growth factors
and their receptors (1). An upregulation of epidermal growth
factor (EGF) and its receptor (EGFR), and of keratinocyte
growth factor (KGF) and its receptor (KGFR) have previ-
ously been reported in cholesteatomas (3-6). Further studies
have suggested that an upregulation of these growth factors
and their receptors induces cell proliferation of keratinocytes
in cholesteatomas (7-9). In addition to growth factors, the
possible roles of microRNAs (miRNA) in the formation of
cholesteatomas have recently been proposed (10,11).

miRNAs are evolutionarily conserved, small non-coding
RNA molecules, and are considered to be important
post-transcriptional modifiers (12). miRNAs have significant
roles in the regulation of cellular proliferation, differentiation,
apoptosis and oncogenesis (13). Previous studies have shown
that miRNAs are strongly associated with the development of
cholesteatomas (10,11). Friedland et al (11), demonstrated an
upregulation of human miR-21, and a reduction of its targets,
phosphatase and tensin homologue (PTEN) and programmed
cell death protein (PDCD4) in cholesteatomas. In our previous
study, it was shown that the levels of miR-21 and let-7a
miRNA were significantly increased, particularly in pediatric
patients (10). Furthermore, the expression levels of PTEN
and PDCD4 were decreased in cholesteatoma tissues (10).
These findings support the potential roles of miR-21 and let-7a
miRNA in the pathogenesis of cholesteatomas.

The present study aimed to investigate the functions of
let 7a in cholesteatoma keratinocytes using let 7a miRNA
mimics and a let 7a inhibitor. In particular, the role of let-7a
miRNA on cellular proliferation, apoptosis and migration in
cholesteatoma keratinocytes was evaluated.

Materials and methods
Tissue collection. The present study was approved by

the Ethics Committee of the First Affiliated Hospital of
Zhengzhou University (Zhengzhou, China). Written informed
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consent was obtained from all of the patients, or from the
parents of the patients, prior to surgery. Cholesteatoma
tissues were collected from 20 cholesteatoma patients (aged
18-70 years), and normal postauricular skin specimens from
the same patients served as the control tissues. The samples
were transported to the laboratory immediately following
surgery.

Cell culture and miRNA transfection. Cholesteatoma tissues
were transferred into 5 ml keratinocyte free media (KSFM,;
Gibco-BRL, Carlsbad, CA, USA). The tissues were then
treated with 0.5 ml collagenase (20 mg/ml), and dissociated
into single cells. The suspension was centrifuged for 5 min at
287 x g (Thermo Labofuge 400R; Thermo Fisher Scientific,
Waltham, MA, USA). The pellets were resuspended in 10 ml
KSFM supplemented with penicillin and streptomycin
(Sigma-Aldrich, Santa Clara, CA, USA, 10ml/1 vol/vol). The
cells were cultured in a humidified incubator containing 5%
CO, at 37°C. The mimics, inhibitor and control miRNA were
purchased from GenePharma, Co., Ltd., Shanghai, China.
Cells were transfected with let 7a inhibitor, let 7a mimics or
a negative control miRNA according to the manufacturer's
instructions. In brief, 2.5 pl Lipofectamine® 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA) was mixed with 50 pl
serum-free medium in a sterile tube. Following incubation
for 15 min, 15 pmol mimic, inhibitor or control miRNA was
added to the mixture for a further 15 min. The mixture was
subsequently added to the 24-well plates and total RNA was
extracted on the third day following transfection.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Cholesteatoma tissues from each surgical spec-
imen (~30 mg) were homogenized using a syringe and needle.
High-molecular-weight DNA may be sheared by passing the
lysate through a 20-gauge needle, attached to a sterile plastic
syringe,at=5-10times until ahomogeneous lysate was achieved.
Increasing the volume of lysis buffer may be required to facili-
tate handling and minimize sample loss. Cells were lysed using
TRIzol® reagent (Invitrogen Life Technologies), according to
the manufacturer's instructions. Total miRNAs were extracted
with the miRNeasy kit (GenePharma, Co., Ltd., Shanghai,
China). qPCR was performed using a 7500 Fast Real-time
PCR system (Applied Biosystems Life Technologies, Foster
City, CA, USA). Briefly, 1 ug total RNA was reverse-tran-
scribed into cDNA using a kit purchased from GenePharma
Co., Inc., and amplified by qPCR using gene-specific primers.
The sequences of the primers used were as follows: Forward:
5'-ACGTTGTGTAGCTTATCAGACTG-3' and reverse:
5“AATGGTTGTTCTCCACACTCTC-3' for miR-21; forward:
5'-CGATTCAGTGAGGTAGTAGGTTGT-3' and reverse:
5S"TATGGTTGTTCTGCTCTCTGTCTC-3' for let-7a; and
forward: 5'-ATTGGAACGATACAGAGAAGATT-3' and
reverse: 5-GGAACGCTTCACGAATTTG-3' for U6. The
PCR conditions were as follows: 95°C for 3 minutes, followed
by 40 cycles of 95°C for 12 sec and 62°C for 40-60 seconds.
For all of the reactions, no-template controls and random RNA
preparations were also subjected to reverse transcription, in
order to verify the absence of genomic DNA amplification.
The relative miRNA expression levels were calculated using
the 2724¢T method.
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Cell cycle analysis. For cell cycle analysis, the control and
transfected cells were washed with phosphate-buffered
saline (PBS; Gibco-BRL), fixed with 90% ethanol overnight
at 4°C and incubated with RNase (Sigma-Aldrich) at 37°C
for 30 min. The nuclei of the cells were stained with prop-
idium iodide (PI) for an additional 30 min. A total of 10*
nuclei were examined in a FACSCalibur™ flow cytometer
(BD Biosciences, San Jose, CA, USA). The experiments
were performed in triplicate. The results were presented as a
percentage of the cells in a particular phase.

5-Ethynyl-2'-deoxyuridine (EdU) incorporation assay. A
total of 10 xuM EdU (Cat. no. C10310; Ribobio, Co., Ltd.,
Guangzhou, China) was added to the cultured cells for
24 h. The cells were then washed with PBS and fixed with
4% paraformaldehyde (Solarbio, Beijing, China). The cells
were incubated with 2 mg/ml glycine and washed with PBS
twice. Following permeabilization with PBS containing 0.5%
Triton X-100 (Sigma-Aldrich) and extensive washing with
PBS, the cells were incubated with Apollo® staining solution
(Guangzhou Ribo Bio, Guangzhou, China) for 30 min. The
cells were washed a further three times with PBS containing
0.5% Triton X-100, and then incubated with Hoechst 33342
(Sigma-Aldrich) for 10 min. The images of the staining were
captured using an Olympus BX43 fluorescent microscope
(Olympus Corp., Tokyo, Japan).

Annexin V-fluorescein isothiocyanate (FITC) apoptosis
assay. To quantify let-7a miRNA-induced apoptosis,
Annexin V/propidium iodide and phycoerythrin (PIPE)
staining was performed. The apoptotic rate of the cells was
evaluated by flow cytometric analysis. Briefly, the cells
were treated with the let-7a inhibitor, let-7a mimics or the
negative control miRNA. The treated cells were collected
and subjected to Annexin V/PI staining using an Annexin
V-FITC Apoptosis Detection kit (BioVision, Inc., Milpitas,
CA, USA), according to the manufacturer's instructions. The
fluorescence was measured by fluorescence-activated cell
sorting (FACSCalibur; BD Biosciences).

Terminal deoxynucleotidyl transferase-mediated
dUTP-digoxigenin nick end-labeling (TUNEL) staining. The
apoptosis of the cholesteatoma keratinocytes transfected
with the let-7a inhibitor, let-7a mimics or negative control
miRNA was detected using a TUNEL kit (Roche, Shanghai,
China). Briefly, the cells were incubated with terminal
deoxynucleotidyl transferase enzyme solution for 60 min,
washed twice with PBS and incubated for 30 min with
4',6-diamidino-2-phenylindole (Yeasen, Shanghai, China).
The images of the staining were captured using a fluorescent
microscope.

Cell invasion assay. The invasive abilities of the cells
were examined using 6-well Transwell plates (Corning,
Inc., New York, NY, USA). The cells transfected with
let-7a inhibitor, let-7a mimics or negative control miRNA
were removed from the culture flasks and resuspended in
serum-free medium (5x10° cells/ml). A total of 200 ul of
each cell suspension was added to the upper chambers of
Transwell plates. The chambers were incubated for 48 h at
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37°C. The filters were then stained with hexamethylpara-
rosaniline staining solution (Yeasen). The upper surfaces of
the filters were scraped twice with cotton swabs to remove
non-migrated cells. The experiment was repeated three
times, and the migrated cells were counted in five different
fields per filter.

Statistical analysis. All statistical analyses were performed
using SPSS statistical software, version 17.0 (SPSS, Inc.,
Chicago, IL, USA). Statistical significance was determined
by two-tailed Student's t-test. P<0.05 was considered to
indicate a statistically significant difference. All experiments
were repeated =3 times and the data are expressed as the
mean + standard deviation.

Results

Let-7a miRNA suppresses growth by inhibiting cell prolif-
eration of cholesteatoma keratinocytes. To investigate the
function of let-7a during the development of cholesteatoma
keratinocytes, the cell number of miRNA-transfected
cholesteatoma keratinocytes was compared (Fig. 1). The cell
number was reduced when the cells were transfected with
mimics of let-7a (Fig. 1A). Whereas, the cell number was
increased when the cells were transfected with the inhibitor of
let-7a (Fig. 1A). These data suggest that let-7a may restrict the
growth of cholesteatoma keratinocytes. An EdU incorpora-
tion assay was used to determine whether let-7a impacts the
proliferation of cholesteatoma keratinocytes. The number of
proliferative EdU-positive (EdU") cells increased following
transfection with the let-7a inhibitor, as compared with the
miRNA control (Fig. 1Ba and Bg). Whereas, the number of
EdU* cells was decreased following transfection with let-7a
mimics (Fig. 1Bd and Bg). The number of EdU* cells was
significantly increased following transfection with the let-7a
inhibitor, and significantly decreased following transfection
with let-7a mimics (Fig. 1C).

To confirm that let-7a inhibited cellular proliferation by
regulating the cell cycle progression of the cholesteatoma
keratinocytes, cell cycle analysis was performed. The distribu-
tion of the cells in the different phases of the cell cycle was
examined by FACS, 48 h post-transfection with the various
miRNAs. The percentage of cells in the S phase increased
from 26.90% in the control group (Fig. 2A), to 39.33% in
the group transfected with the let-7a inhibitor (Fig. 2B). This
percentage was reduced to 15.23% in the group transfected
with let-7a mimics (Fig. 2C). Concordantly, the percentage of
cells in the G2/M phase increased from 19.61% in the control
group (Fig. 2A), to 20.28% in the group transfected with the
let-7a inhibitor (Fig. 2B). The percentage of cells in the G2/M
phase was reduced to 16.29% in the group transfected with
let-7a mimics (Fig. 2C), as compared with the control group.
Conversely, the percentage of cells in the GO/G1 phase was
reduced from 53.49% in the control group (Fig. 2A), to 41.39%
following transfection with the let-7a inhibitor (Fig. 2B).
The percentage of cells in the GO/G1 phase was increased
to 68.48% following transfection with the let-7a mimics
(Fig. 2C), as compared with the control. These results suggest
that let-7a promotes the arrest of cholesteatoma keratinocytes
at the GO/G1 phase.
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These data demonstrate that let-7a suppresses proliferation
of keratinocytes, by promoting cell cycle arrest in the GO/G1
phase.

Let-7a miRNA induces cell apoptosis of cholesteatoma
keratinocytes. To explore whether let-7a impacts cell growth
by regulating apoptosis, early apoptosis was examined in
the cholesteatoma keratinocytes using an Annexin V-FITC
Apoptosis Detection kit. The percentage of cells displaying
the features of early apoptosis was elevated from 17.32% in
the control cells (Fig. 3A), to 28.96% in the cells transfected
with let-7a mimics (Fig. 3B). Conversely, this number was
reduced to 4.55% in the cells transfected with the let-7a
inhibitor (Fig. 3C). The percentage of early apoptotic cells
was significantly decreased in the cells transfected with the
let-7a inhibitor, as compared with the cells transfected with
the control miRNA (Fig. 3D). Whereas, the percentage was
significantly increased in the cells transfected with let-7a
mimics (Fig. 3D).

To confirm the effects of let-7a on cell apoptosis, the
apoptotic rate of the cholesteatoma keratinocytes transfected
with the different miRNAs were examined using TUNEL.
The number of TUNEL-positive cells was decreased in the
cholesteatoma keratinocytes transfected with the let-7a inhib-
itor and increased in the keratinocytes transfected with let-7a
mimics (Fig. 4A). The percentage of apoptotic cells following
transfection with the let-7a inhibitor or let-7a mimics was
significantly decreased and increased, respectively (Fig. 4B).
These results suggest that let-7a induces cell apoptosis of
cholesteatoma keratinocytes.

Let-7a miRNA inhibits cell invasion of cholesteatoma kerati-
nocytes. An aim of the present study was to determine whether
let-7a affects cell invasion of cholesteatoma keratinocytes.
Therefore, Matrigel™ invasion assays were performed using
8.0 um pore-size Transwell plates, which allow cell migration
across the filter. The number of cholesteatoma keratinocytes
that migrated across the Matrigel™ and the insert was signifi-
cantly altered following transfection with the various miRNAs
(Fig. 5A-C). The percentage of migrated cells transfected with
the let-7a inhibitor was 1.75 times higher, as compared with the
cells transfected with the negative control miRNA (92.3+5.7
vs 52.7+6.0; P<0.05) and 4.87 times higher as compared with
those transfected with let-7a mimics (92.3+5.7 vs 18.9+5.3;
P<0.05). These results indicate that let-7a prevents invasion
and migration of cholesteatoma keratinocytes.

Let-7a miRNA affects the expression of miR-21 in cholestea-
toma keratinocytes. Considering the important roles of let-7a
in the pathogenesis of cholesteatomas, it may be beneficial
to identify the downstream targets regulated by let-7a.
Previous studies demonstrated that high expression levels
of miR-21 in cholesteatoma tissues regulated cell prolifera-
tion and apoptosis (10,11). Therefore it may be hypothesized
that let-7a regulates the expression of miR-21. To determine
a potential role for let-7a in the regulation of miR-21, the
effects of the let-7a inhibitor and mimics were assessed on
miR-21 expression in cholesteatoma keratinocytes. There
was a downregulation in the expression levels of miR-21 in
the cholesteatoma keratinocytes transfected with the let-7a



2100 ZHANG et al: ROLE OF LET-7A IN THE PATHOGENESIS OF CHOLESTEATOMAS

A 150 B
N EdU Hoechst3334 Merge
*

- - l
g 100 —— Let-Ta
E inhibitor
=
3 sl ——

inhibitor NC i

mimics

C

g

<

g

NC

=

=

The percentage of proliferative cells (%)

inhibitor mimics NC

Figure 1. Let-7a inhibits proliferation of cholesteatoma keratinocytes. (A) The number of cholesteatoma keratinocytes was counted following transfection
with let-7a mimics, let-7a inhibitor or control miRNA (NC). (B) The representative images of 5-ethynyl-2'-deoxyuridine (EdU) immunostaining (red; a, d, g),
Hoechst 3334 staining (blue; b, e, h) and their merged images (c, f, i) in cholesteatoma keratinocytes transfected with a let-7a inhibitor, let-7a mimics or NC.
(C) Statistical analysis of the percentage of proliferative cells following transfection with a let-7a inhibitor, let-7a mimics or NC. Data are represented as the
mean + standard deviation. "P<0.05, Student's t-test.
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the cell cycle following transfection of the cholesteatoma keratinocytes with (A) let-7a inhibitor, (B) let-7a mimics or (C) control miRNA (NC).
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Figure 3. Let-7a induces early apoptosis of cholesteatoma keratinocytes (CK). Fluorescence-activated cell sorting analysis of the fraction of Annexin V-positive,
PIPE-negative cholesteatoma keratinocytes following transfection of the cells with (A) let-7a inhibitor, (B) let-7a mimics or (C) control miRNA (NC).
(D) Statistical analysis of the percentage of early apoptotic cells following transfection of the CKs with let-7a inhibitor, let-7a mimics or NC. The data are
represented as the mean =+ standard deviation. 'P<0.05, Student's t-test. PIPE, propidium iodide and phycoerythrin.
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Figure 4. Let-7a promotes cell apoptosis of cholesteatoma keratinocytes. (A) The representative images of terminal deoxynucleotidyl transferase-mediated
dUTP-digoxigenin nick end-labeling (TUNEL) label (red; a, d, g), 4',6-diamidino-2-phenylindole (DAPI) staining (blue b, e, h) and their merged images (c, f, i)
in cholesteatoma keratinocytes transfected with let-7a inhibitor, let-7a mimics or control miRNA (NC). (B) Statistical analysis of the percentage of apoptotic
cells following transfection of the choleasteatoma keratinocytes with let-7a inhibitor, let-7a mimics or NC. Data are represented as the mean + standard devia-
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Figure 5. Let-7a suppresses migration and invasion of cholesteatoma keratinocytes. The representative images of migrated cholesteatoma keratinocytes (KC)
(blue) following transfection with (A) let-7a inhibitor, (B) let-7a mimics or (C) control miRNA (NC). Hexamethylpararosaniline staining (blue) was used.
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Figure 6. Let-7a downregulates the expression of microRNA (miR)-21. A reverse
transcription-quantiative polymerase chain reaction was performed to analyze
the expression levels of miR-21 and let-7a in cholesteatoma keratinocytes fol-
lowing transfection with let-7a inhibitor, let-7a mimics or control miRNA.

mimics and an upregulation of miR-21 in the cholesteatoma
keratinocytes transfected with the let-7a inhibitor (Fig. 6). As a
control, the expression of let-7a was determined and shown to
be downregulated and upregulated following transfection with
let-7a mimics and inhibitor, respectively (Fig. 6). These data
suggest that let-7a may regulate miR-21, resulting in the effects
on cell proliferation and cell apoptosis.

Discussion

Previous studies of cholesteatoma growth and proliferation
have mainly focused on growth factors and cytokines (2).
Growth factors and their receptors, such as EGF/EGFR and
KGF/KGFR, are highly upregulated and associated with cell
proliferation in cholesteatomas (3-9). In addition, cytokines
including interleukin (IL)-1, IL-6 and tumor necrosis factor-o.
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have been shown to be overexpressed and have important roles
in the proliferation of cholesteatoma keratinocytes (14-18).
However, the roles of miRNAs, which are important regula-
tors of protein translation, have yet to be explored. In previous
studies, miRNAs let-7a and miR-21 have been implicated
in regulating the proliferation and apoptosis of cholestea-
tomas (10,11); however, there is currently no direct evidence
supporting this. Let-7 is a member of the tumor-suppressing
miRNA family and its expression is limited in the majority
of human malignancies (19). High expression levels of let-7
have been shown to have antiproliferative effects on cancer
cells (20). In head and neck squamous cell carcinoma, it
has been reported that low expression levels of let-7d are a
prognostic factor for poor survival (21). In numerous tumors
of solid organs, let-7a is downregulated (22,23), and acts as
a tumor suppressor by targeting oncogenes, including RAS
and HMGA?2 (24). The present study was the first, to the
best of our knowledge, to provide solid evidence to support
the roles of let-7a against the growth of cholesteatoma kera-
tinocytes. Let-7a inhibited the proliferation of cholesteatoma
keratinocytes by promoting cell cycle arrest in the GO/G1
phase. Furthermore, let-7a induced early and late apoptosis in
cholesteatoma keratinocytes. Through its dual roles in inhib-
iting proliferation and inducing apoptosis, let-7a was shown
to be capable of suppressing the growth of cholesteatoma
keratinocytes. These findings are concordant with the previous
identification of let-7a as a tumor suppressor in other cancer
cells (20,24). Notably, the present study identified a novel role
of let-7a in preventing migration and invasion of cholesteatoma
keratinocytes. Therefore, it may be worth examining whether
let-7a has similar functions in the inhibition of migration and
invasion of cancer cells in other tumor tissues.

Considering the crucial roles of let-7a in the pathogen-
esis of cholesteatoma, it would be beneficial to identify the
downstream targets of let-7a. miR-21, another miRNA, has
previously been shown to be aberrantly overexpressed in
cholesteatomas, and to be involved in proliferation, apop-
tosis and cell growth (10,11). The present study showed that
overexpression of let-7a mimics inhibited the expression of
miR-21. Conversely, inhibition of let-7a promoted the expres-
sion of miR-21. The downstream targets of miR-21, PTEN
and PDCD4, have previously been found to be decreased in
cholesteatomas, as compared with normal tissues (10,11).
Since PTEN and PDCD4 have roles in the inhibition of prolif-
eration and induction of apoptosis in cancer cells (25,26), it
may be reasonable to speculate that let-7a initially downregu-
lates the expression of miR-21. Downregulation of miR-21
may then induce the expression of PTEN and PDCD4,
resulting in the inhibition of proliferation and induction of
apoptosis in cholesteatomas. The present study revealed
that let-7a regulation of proliferation and apoptosis may
be through controlling the expression of miR-21; however,
the downstream effectors that mediate the role of let-7a on
migration and invasion remain unknown. This question may
be addressed in a further study.

In conclusion, the present study revealed the essential roles
of let-7a in inhibiting growth and invasion of cholesteatoma
keratinocytes. Furthermore, a potential mechanism was
identified, let-7a may regulate miR-21 to control proliferation
and apoptosis of cholesteatoma keratinocytes. These findings
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indicate that let-7a is a pivotal regulator of the pathogenesis of
cholesteatomas.
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