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ABSTRACT

Distinct histone modifications regulate gene expression 
in certain diseases, but little is known about histone 
epigenetics in middle ear cholesteatoma. It is known 
that histone acetylation destabilizes the nucleosome and 
chromatin structure and induces gene activation. The 
association of histone acetylation with chronic inflamma-
tory diseases has been indicated in recent studies. In this 
study, we examined the localization of variously modified 
histone H3 acetylation at lysine 9, 14, 18, 23, and 27 in 
paraffin-embedded sections of human middle ear chole-
steatoma (cholesteatoma) tissues and the temporal bones 
of an animal model of cholesteatoma immunohistochemi-
cally. As a result, we found that there was a significant 
increase of the expression levels of H3K27ac both in 
human cholesteatoma tissues and the animal model. In 
genetics, super-enhancers are clusters of enhancers that 
drive the transcription of genes involved in cell iden-
tity. Super-enhancers were originally defined using the 
H3K27ac signal, and then we used H3K27ac chromatin 
immunoprecipitation followed by sequencing to map the 
active cis-regulatory landscape in human cholesteatoma. 
Based on the results, we identified increased H3K27ac 
signals as super-enhancers of the FOXC2 loci, as well as 
increased protein of FOXC2 in cholesteatoma. Recent 
studies have indicated that menin-MLL inhibitor could 
suppress tumor growth through the control of histone 
H3 modification. In this study, we demonstrated that 

the expression of FOXC2 was inhibited by menin-MLL 
inhibitor in vivo. These findings indicate that FOXC2 
expression under histone modifications promoted the 
pathogenesis of cholesteatoma and suggest that it may 
be a therapeutic target of cholesteatoma.
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INTRODUCTION

Epigenetic parameters such as DNA methylation and 
histone modifications play pivotal roles in disease, and 
histone modification is one of the major epigenetic 
parameters. Generally, acetylation of histones results 
in relaxed chromatin and transcriptional activation, 
whereas deacetylation of histone is associated with 
compacted chromatin and transcriptional repression. 
In fact, histone acetylation is an epigenetic event that 
plays a key role in the transcription of pro-inflammatory 
genes in chronic inflammatory diseases (Ito et al. 2005). 
For this reason, histone acetylation is often associated 
with a more open-chromatin conformation, and chro-
matin immunoprecipitation followed by sequencing 
(ChIP-Seq) analyses have confirmed the distribution of 
histone acetylation at promoters, enhancers and super-
enhancers (SEs), detecting the transcribed region of 
the active genes (Heintzman et al. 2007; Wang et al., 
2008; Dawson and Kouzarides 2012). A portion of the 
enhancer folds together, from the wide regions on chro-
matin with a high level of H3K27ac, and extends about 
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10 kb and sometimes even longer, which are called 
SEs (Chapuy et al. 2013; Lovén et al. 2013; Hnisz 
et al. 2013; Li et al. 2019). Super-enhancers contain 
high transcription activity and control the expression 
of master genes in the cell (Chapuy et al. 2013; Lovén 
et al. 2013; Hnisz et al. 2013). In tumor cells, SEs are 
the potential critical regulatory elements on chromatin, 
often associated with activated oncogenes (Hnisz et al. 
2013). Therefore, the genomic landscapes of SEs in dif-
ferent diseases should be illustrated and the molecular 
mechanisms regulating the activity of SEs need to be 
elucidated.

It is well-known that middle ear cholesteatoma (cho-
lesteatoma) is characterized by the presence of a kerati-
nizing epithelium, which is believed to have hyper-pro-
liferative properties (Kuo 2015). Our understanding of 
the molecular mechanism underlying the pathogenesis 
of cholesteatoma is limited, but an active proliferation 
of epithelial cells under inflammation creates irrevers-
ible change (Kuo 2015). Distinct histone modifications 
regulate gene expression in chronic inflammatory dis-
eases, but little is known about this in cholesteatoma. In 
our previous study, we showed that stromal fibroblast 
growth factor 7 (FGF7)/keratinocyte growth factor (KGF) 
played an important role in human cholesteatoma for-
mation, as characterized by the hyper-proliferation of 
epithelial cells (Tanaka et al. 1999; Yamamoto-Fukuda 
et al. 2003). In addition, the electrophoretic transfec-
tion of KGF gene-expressed vector induced cholestea-
toma formation in vivo (Yamamoto-Fukuda et al. 2015). 
On the other hand, FGF signaling is known to control 
changes in the epigenetic signature, the level of histone 
modifications including acetylation of H3K27 (H3K27ac) 
and methylation of H3K4, and DNA methylation in the 
mouse embryonic stem cells during differentiation (Ficz 
et al. 2013). Recently, Tambalo and colleagues (2020) 
indicated that upon FGF signaling, activator protein 1 
(AP1) recruits the histone acetylase p300 to some enhanc-
ers, which in turn promotes the H3K27ac associated with 
increased chromatin accessibility and enhancer activation 
in the developing ear. Based on the results, they showed 
that homeobox and winged-helix/forkhead proteins (Fox 
family) are possible cooperators with FGF-induced ear 
enhancers. H3K27ac as an important enhancer mark 
that distinguishes between active and poised enhancer 
elements (Creyghton et al. 2010). This mark can be 
deposited by p300 (Tie et al. 2009) and is associated with 
active promoters in mammalian cells (Wang et al. 2008). 
Indeed, the histone acetyl transferase (HAT) p300 espe-
cially increases levels of H3K27ac (Raisner et al. 2018). 
Physical interaction of AP1 and p300 has been shown in 
other research studies (Lee et al. 1996; Crish and Eckert 
2008), and the inhibition of p300 prevents induction of 
some FGF response genes in cells (Tambalo et al. 2020). 

These facts support the idea that KGF signaling under 
inflammation subsequently induces H3K27ac, which 
is required to activate some genes associated with the 
pathogenesis of cholesteatoma.

In this study, we initially examined the localization 
of variously modified histone H3 acetylation in paraffin-
embedded sections of human cholesteatoma and normal 
skin (skin) tissues immunohistochemically, focusing on 
H3K9ac, H3K14ac, H3K18ac, H3K23ac, and H3K27ac. 
Increased levels of H3K27ac were observed in human 
cholesteatoma specimens. We then investigated H3K27ac 
ChIP-seq to map the active cis-regulatory landscape in 
human cholesteatoma. Based on the results, increased 
H3K27ac at the FOXC2 gene locus—one among the Fox 
families—was observed in the cholesteatoma specimens 
and FOXC2 protein expression was confirmed in the 
human cholesteatoma tissues immunohistochemically. To 
investigate chromatin changes and FOXC2 expression 
patterns in the response to KGF signaling, we used an 
animal model of cholesteatoma that transfected the KGF-
expression vector through the external auditory canal. 
The results showed an increasing level of H3K27ac and 
FOXC2 expression was observed in vivo. And moreover, 
we showed that H3K27ac inhibitor decreased FOXC2 
expression in primary middle ear epithelial cells in vitro. 
According to the results from the human specimens, pri-
mary cells and the animal model, we postulated that 
transcription of FOXC2 may be induced by H3K27ac 
generated through KGF signaling.

Menin is a highly specific binding partner of mixed-
lineage leukemia 1 (MLL1), a histone methyltransferase 
that catalyzes H3K4me3 (Schuettengruber et al. 2007) 
and is required for the recruitment of the MLL1 com-
plex to the target genes (Milne et al. 2005). The use of 
a menin-MLL1 inhibitor, MI503, in experiments has 
resulted in inhibition of the growth of tumors under a 
reduction in trimethylation of H3K4 histone modifica-
tion (Malik et al. 2015). Interestingly, recent studies have 
demonstrated that menin, H3K4me3 and H3K27ac con-
sists of looped enhancers and controls target gene expres-
sion (Dreijerink et al. 2017). It is known that looped 
enhancers are in direct physical contact with target pro-
moters via chromatin looping and control gene activation 
and repression (Lee et al. 2015). Therefore, H3K4me3 
and H3K27ac, which are contained looped enhancers, 
can control the same gene activation and repression 
(Dreijerink et al. 2017). In this study, we used MI503 to 
reduce the acetylation of H3K27 in the animal model to 
analyze the effects of H3K27ac against the transcription 
of FOXC2. Combined with the results from an inhibitor 
for the acetylation of H3K27, our objective was to dem-
onstrate that histone modification on the cholesteatoma 
tissues might induce growth of cholesteatoma through 
the activation of FOXC2 expression.
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MATERIALS AND METHODS

Subjects

Male ICR mice (n = 7, 8 weeks old, 33–37 g body weight) 
with normal ears were used in this study. All experiments 
were conducted according to the principles and procedures 
outlined in the guidelines for animal experimentation of 
Nagasaki University with the approval of the Institutional 
Animal Care and Use Committee (Nos. 1209241015-2 
and 1404011269). Male BALB/c mice (n = 12, 6 weeks, 
30–35 g, n = 5, 3 weeks, 15–20 g) with a normal tympanic 
membrane (TM) were used in this study. Animal care and 
experimental procedures were performed in accordance 
with the Guidelines for Animal Experimentation of Jikei 
University with approval guidelines (No. 2015-139C4).

Specimens from 35 ears with middle ear cholesteatoma, 
confirmed by histopathologic examination, were obtained 
from 22 men and 13 women (average age 46 years; range 
2–85 years). For the analysis of FOXC2 expression, speci-
mens from 25 ears with middle ear cholesteatoma, con-
firmed by histopathologic examination, were obtained 
from 21 men and four women (average age 39 years; 
range 10–69 years). All of the patients were treated sur-
gically at the Department of Otorhinolaryngology, Jikei 
University Hospital, between May 2016 and December 
2019. The cholesteatoma tissues were harvested from the 
patients during surgery. In 30 of the ears of the study sub-
jects with cholesteatoma (17 males and 13 females; aver-
age age 53 years; range 9–80 years), a small piece of skin 
was harvested during surgery. For the analysis of FOXC2 
expression, in 12 of the ears of the study subjects with 
cholesteatoma (10 males and 2 females; average age 54 
years; range 29–72 years), a small piece of skin was har-
vested during surgery. This study protocol was approved 
by the Human Ethics Review Committee of Jikei Univer-
sity School of Medicine, and signed informed consent was 
obtained from all the patients or their guardians for this 
study (Approval Number: 27-344 8229).

Experimental Design

Animal Model of Middle Ear Cholesteatoma

Flag-human (h)KGF DNA plasmid driven by a CMV14 
promoter (0.5 μg/ml) (KGF gene-transfected) or a null-
plasmid driven by a CMV14 promoter (0.5 μg/ml) (vec-
tor alone-transfected) was transfected into the ICR mouse 
or BALB/c mouse ears using a Nepa21 Electroporator  
(Nepa Gene Co., Chiba, Japan), according to the  
protocol from a previous paper (Yamamoto-Fukuda et al. 
2015). After the mice were anesthetized, each vector was 
injected into the cells of the external ear canal skin and 
TM. The hKGF cDNA expression vector was successfully  
transfected, and KGF protein was expressed 4 days  

after vector transfection, the same results as described 
previously both in the ICR mouse or BALB/c mouse ears  
(Yamamoto-Fukuda et al. 2015) (data not shown). KGF-
expression vector was transfected five times every fourth 
day into the epithelial lesion of the ear of a prepared 
in  vivo model (Yamamoto-Fukuda et  al. 2015). The  
animals were euthanized using an intraperitoneal injection  
of 200 mg/kg pentobarbital. Their ear tissues were 
removed at day 4 and day 23 after vector transfection, 
fixed with 4% paraformaldehyde (PFA) in a phosphate-
buffered saline (PBS) at 4 °C overnight, decalcified by 
10% ethylenediaminetetraacetic acid at 4 °C for 7 days 
(Yamamoto-Fukuda et al. 2000) and then embedded in 
paraffin in the standard manner. The sections (5 µm thick)  
were prepared, and some were stained with hematoxylin 
and eosin (H&E) for histologic examination as previously 
described (Akiyama et al. 2014).

Administration of H3K27ac Inhibitor and Menin‑MLL Inhibitor 
In vitro

Middle ear epithelial cells for the inhibition analysis of 
H3K27ac were prepared from male BALB/c mice (10 
ears, 3 weeks) by the primary explant culture described 
previously (Yamamoto-fukuda et al. 2020). The cells 
were subcultured up to the third passage. The cells were 
plated on six-well plates at a sub-confluent concentration 
(60%) and incubated at 37 °C until they attached to the 
plating surface (Bowers et al. 2010). The same as for 
the vivo model, we administrated KGF protein to the 
cells for the middle ear cholesteatoma model in vitro. To 
study the H3K27ac signaling pathways, inhibitors were 
added before KGF protein was applied. The medium was 
replaced with low-glucose (1000 mg/l) Dulbecco’s modi-
fied Eagle’s medium containing 0.1% FBS (DMEM/0.1% 
FBS) 6 h before the cells were treated with inhibitors. 
The cells were treated with H3K27ac inhibitor (50 µM 
C646 in 2% DMSO in PBS [Li et al. 2019]) for 12 h, 
with menin-MLL inhibitor (0.5 µM MI503 in dimethyl 
sulfoxide (DMSO) in PBS (Borkin et al. 2015)) for 7 days 
or with 2% DMSO in PBS (n = 4 each). The medium 
was changed at day 4. Subsequently, recombinant human 
(rh) KGF/FGF7 (10 ng/ml (Braun et al. 2006)) or PBS 
was added, and the cells were incubated overnight.

Administration of Menin‑MLL Inhibitor In vivo

Twelve male BALB/c mice (6 weeks) were used in the 
inhibition experiment. After confirming hKGF expression- 
vector transfection in the mouse ears, as had been done 
previously, 30 µl menin-MLL inhibitor (500 µM or 50 µM 
MI503 in 2% DMSO in PBS or 2% DMSO in PBS, n = 4  
each) was administered in the ear skin region by eardrops 
for three consecutive days (day 1 to day 3) as described 
previously (Yamamoto-Fukuda et al. 2014). In accord-
ance with the results of our previous study, we decided to 
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use the concentration of MI503 (Yamamoto-Fukuda et al. 
2021). For the histopathological analysis, the ear tissues 
were removed at day 4 and paraffin sections of the ear 
tissues were prepared as described above.

REAGENTS

Chemicals and Biochemicals

The MI503 and C646 were purchased from Selleck 
Chemicals (Houston, TX). The rhKGF/FGF7 protein 
was purchased from Novus Biologicals USA (Centennial, 
CO). The protein/phosphatase inhibitor and skim milk  
were purchased from Cell Signaling Technology (Danvers,  
MA). The PFA was purchased from Merck (Darmstadt, 
Germany), and the 3 3′-diaminobenzidine 4HCl (DAB), 
Tween 20, and EDTA were purchased from Dojin Chemical  
Co. (Kumamoto, Japan). The 2×Laemmli’s buffer was  
purchased from Bio-Rad (Hercules, CA), the polyvinylidene  
difluoride membranes were purchased from Immobilon-P, 
Millipore (Bedford, MA), and the ECL system was purchased  
from ECL Prime, GE Healthcare (Chicago, IL). The 
DMSO, 3-aminopropyltriethoxysilane, Tween20, 
bovine serum albumin (BSA, essentially fatty acid- and 
globulin-free), and 2-mercaptoethanol were purchased 
from Sigma Chemical Co. (St. Louis, MO, USA). The 
polyacrylamide gel and the permount were purchased 
from Thermo Fisher Scientific (Hudson, NH, USA). The 
4,6′-diamidino-2-phenylindole dihydrochloride (DAPI) 
was purchased from Dako (Glostrup, Denmark). All other 
reagents used in this study were purchased from Wako 
Pure Chemicals (Osaka, Japan) and were of analytical 
grade.

Antibodies

The primary antibodies used in this study were anti-FOXC2 
(mouse monoclonal, Sigma-Aldrich #WH0002303M2, 
1:200 for the immunohistochemistry or 1:500 for the west-
ern blot analysis). Acetylation of histone H3 was detected by 
anti-H3K9ac (rabbit polyclonal, Cell Signaling Technology, 

Beverly, MA, USA #9671, 1:50), anti-H3K14ac (rab-
bit polyclonal, EPIGENTEK, Farmingdale, NY, USA 
#A-4023-025, 1:100), anti-H3K18ac (rabbit polyclonal, 
Cell Signaling Technology #9675, 1:100), anti-H3K23ac 
(rabbit polyclonal, Cell Signaling Technology #9674, 1:25), 
anti-H3K27ac (rabbit polyclonal, Abcam, Cambridge, UK, 
#ab45173, 1:100 for the immunohistochemistry or 1:5000 
for the western blot analysis), and anti-β-actin (rabbit  
monoclonal, Cell Signaling Technology, #4970S, 1:1000), 
respectively. The secondary antibodies used in this study 
were Horseradish peroxidase  (HRP)-conjugated goat  
anti-mouse IgG F(ab)’ (Cell Signaling Technology,  
#7076, 1:10,000), HRP-conjugated goat anti-rabbit IgG 
F(ab)’ (Cell Signaling Technology, #7074, 1:10,000), HRP-
conjugated goat anti-mouse IgG F(ab)’ (Abcam, #ab6789, 
1:500), HRP-conjugated goat anti-rabbit IgG F(ab)’ 
(Abcam, #ab6721, 1:500), Alexa Fluor 555-goat anti-mouse 
IgG (Thermo Fisher Scientific #A32727, 1:500), and Alexa 
Fluor 555-goat anti-rabbit IgG (Thermo Fisher Scientific 
#A 32,732, 1:500). The normal goat IgG was from Sigma 
Chemical Co. The normal mouse and rabbit IgG were 
from Dako. Detailed information about the antibodies is 
shown in Table 1.

Plasmids

The hKGF cDNA for the cording region was kindly 
provided by Dr. Jeffrey Rubin from the National Cancer 
Institute (Bethesda, MD). The 3X FLAG hKGF vector 
(Matsumoto et al. 2009) was constructed by inserting the 
cDNA to p3xFLAG–CMV14 vector (Sigma Chemical 
Co.).

Specific Methods

ChIP‑seq

We outsourced H3K27ac ChIP-seq analyses to Active 
Motif, and a SE analysis was performed as previously 
described (Vijayakrishnan et al. 2019). For the H3K27ac 

TABLE 1

List of primary antibodies for immunohistochemistry

Antibodies Clone Reactivity Company Cat no. Dilution or 
concentra‑
tion

Rabbit polyclonal anti-H3K9ac NA Mouse, rat, human, 
monkey, zebrafish

Cell Signaling 9671 1:50

Rabbit polyclonal anti-H3K14ac NA Mouse, human EPIGENTEK A-4023-025 1:100

Rabbit polyclonal anti-H3K18 NA Mouse, rat, human Cell Signaling 9675 1:100

Rabbit polyclonal anti-H3K23ac NA NA Cell Signaling 9674 1:25

Rabbit monoclonal anti-H3K27ac EP865Y Mouse, rat, human Abcam ab45173 1:100

Mouse monoclonal anti-FOXC2 2H3 Mouse, rat, human Sigma WH0002303M2 1:200
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ChIP-seq and SE analysis, frozen tissue (human  
cholesteatoma tissue and skin tissues from the external  
ear canal (200 mg each) were sent to Active Motif for 
ChIP and library preparation. The sample was divided 
into an aliquot for ChIP using an antibody to H3K27ac 
(Active Motif) and an input control. MACS or SICER 
peaks generated for the standard ChIP-seq analysis were 
used as “constituent enhancer” input to R. Young’s SE 
software ROSE and the default settings for the Stitching  
Distance (12.5  kb) and transcription start site (TSS) 
Exclusion Zone (0 bp—no promoter exclusion) were used 
as described previously (Whyte et al. 2013; Lovén et al. 
2013).

Immunohistochemistry

For the detection of H3K9ac, H3K14ac, H3K18ac, 
H3K23ac, H3K27ac, and FOXC2, an enzyme  
or fluorescence immunohistochemistry was performed on  
the paraffin sections, as described previously (Yamamoto- 
Fukuda et al. 2014, 2015; Akiyama et al. 2014; Song 
et al. 2011). The sections were autoclaved in a 0.01 M 
citrate buffer (pH 6.0) at 95 °C for 15 min to retrieve the 
antigen. For the enzyme immunohistochemistry after the 
inactivation of endogenous peroxidase with 0.3% H2O2 
in methanol for 15 min, the slides were preincubated  
with 500 µg/ml normal goat IgG in 1% bovine serum 
albumin (BSA) in PBS for 1 h to block a nonspecific 
reaction. The sections were then reacted overnight with 
the first antibody in 1% BSA in PBS. After reaction with 
the HRP-conjugated second antibody, the sites of HRP 
were visualized with DAB and H2O2, or in the presence 
of nickel and cobalt ions. For the fluorescence immuno-
histochemistry after immersion with the first antibody, the 
sections were incubated with the second antibody (Alexa 
Fluor 555-goat anti-mouse IgG or Alexa Fluor 555-goat 
anti-rabbit IgG) for 1 h. After washing three times with 
0.05% Tween 20 in PBS, the sections were counterstained 
with DAPI. For every experimental run, negative con-
trol samples were prepared by reacting the sections with 
normal mouse IgG or normal rabbit IgG instead of the  
specific first antibody.

Western Blot Analysis

For the detection of H3K27ac, FOXC2, and β-actin, a  
western blot analysis was performed as described previously  
(Yamamoto-Fukuda et al. 2020). The cells (5.0 × 105 
cells) were washed with PBS and lysed using buffer 
(2× Laemmli’s buffer and 2-mercaptoethanol, protein/ 
phosphatase inhibitor). Cell lysates were centrifuged twice at  
18,000 rpm for 5 min at 4 °C. Proteins were then separated  

by polyacrylamide gel and transferred electrophoretically 
onto polyvinylidene difluoride membranes. The membranes  
were blocked with 5% skim milk in 0.1% Tween 20 in 
tris buffered saline for 1 h at room temperature (RT) and 
immersed with first antibodies diluted in a 2.5% blocking 
buffer at 4 °C overnight. The antibody-antigen complexes 
were detected using HRP goat anti-mouse IgG or rabbit  
IgG (1:10,000 dilution) for 1 h at RT. The signals were 
visualized by the ECL system and photographs were 
taken using a chemiluminescence imager (LAS 4000; GE 
Healthcare). A quantification data analysis was performed 
using ImageJ software ver. 15.1 (NIH, https://​imagej.​nih.​
gov/​ij/) (Schneider et al. 2012), and the signal strength was  
sdetermined using the intensity of the band divided by the 
β-actin band intensity, establishing β-actin protein levels as  
a loading control.

Microscopy, Image Analysis, and Cell Count

Images of the H&E staining and enzyme-immunostaining 
were captured using an Axio Cam camera and 
AxioVision software (Carl Zeiss, Jena, Germany) under 
light microscopy. Fluorescent images were obtained using 
fluorescence confocal laser scanning microscopy (LSM 
880, Carl Zeiss). For the quantitative analysis, the enzyme-
immunohistochemistry results were graded as positive 
or negative as compared with the negative control, and 
the number of cell nuclei was counted at more than 
1000 nuclei in three equal epithelial regions at × 400 
magnification. Per specimen of immunofluorostaining, 
three 10,000 µm2 areas (100 × 100 µm squares) for the 
equal epithelial regions were assumed with confocal laser 
scanning microscopy (LSM 880) and Zeiss acquisition 
analysis software (Zen Black), and the number of positive 
cell nuclei was counted. DAPI labeling was used to 
obtain the total cell number. The labeling index (LI) 
[mean ± SD] represented the percentage of positive 
cell nuclei per the total number of counted nuclei. The 
thickness of the epithelium was measured at four locations 
(central and at each extreme) using NIH Image/ImageJ 
software as described previously (ver. 1.46r) (Schneider 
et al. 2012).

Statistical Analysis

All data were expressed as mean ± SD. Differences between  
the groups were examined for statistical significance using  
the one-way analysis of variance (ANOVA) test followed 
by an unpaired t test or Tukey’s post hoc test for normally 
distributed data. A P value of less than 0.05 denoted the 
presence of a statistically significant difference. All analyses  

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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were performed using a statistical software package (JMP ver-
sion 13; SAS Institute Japan, Tokyo, Japan). Precise values  
for P are given in the results for all significant differences, as  
stipulated in the guidelines for JARO publications.

RESULTS

Acetylation Levels of Histone H3 at Lysine 
9, 14, 18, 23, and 27 in Human Middle Ear 
Cholesteatoma and Normal Skin Tissue

According to the results of the immunohistochemistry of 
anti-H3K9ac, anti- H3K14ac, and anti- H3K18ac, the 
localization and frequency of positive cells are almost the 
same in the sections of cholesteatoma and skin. H3K9ac-
positive cells were scarcely detected but many H3K14ac-
positive cells and H3K18ac-positive cells were detected 
in the keratinizing squamous epithelium and subepithe-
lial region of the cholesteatoma tissue and skin (Fig. 1a). 
H3K9ac LI (n = 35, 40.74 ± 23.0%) and H3K14ac LI 
(n = 35, 57.70 ± 23.0%) in the cholesteatoma were almost 
the same as that of skin tissue (n = 30 for each, H3K9ac 
LI: 39.65 ± 20.2% and H3K14ac LI: 59.90 ± 21.6%) 
(Fig.  1b). However, H3K18ac LI in cholesteatoma 
(n = 35, 63.47 ± 18.8%) was significantly higher than 
that of skin (n = 30, 47.13 ± 26.8%) (one-way ANOVA 
F(1, 63) = 8.27, p < 0.01with an unpaired t test) (Fig. 1b). 
On the other hand, a large number of H3K23ac-positive 
cells and H3K27ac-positive cells were detected in the 
basal and upper layers of the thickened wall of the chole-
steatoma matrix and the subepithelial region but scarcely 
detected in the section of skin (Fig. 1a). H3K23ac LI 
in cholesteatoma (n = 35, 63.45 ± 21.0%) was signifi-
cantly higher than that of skin (n = 30, 35.28 ± 21.5%) 
(one-way ANOVA F(1, 63) = 28.46, p < 0.0001 with an 
unpaired t test) (Fig. 1b). H3K27ac LI in cholesteatoma 
(n = 35, 61.69 ± 22.2%) was significantly higher than 
that of skin (n = 30, 29.57 ± 13.3%) (one-way ANOVA 
F(1, 63) = 48.08, p < 0.0001 with an unpaired t test) 
(Fig. 1b). All of the results of the statistical analysis are 
listed in Table 2.

H3K27ac ChIP‑seq Data in the Skin and 
Cholesteatoma

H3K27ac is an epigenetic mark that is frequently present 
in promoters or enhancers, which also separates active 
enhancers from poised enhancers. To examine whether 
cholesteatoma differential gene expression may be func-
tionally linked with differential H3K27 acetylation, we 
performed ChIP-seq studies to profile global differential 
gene expression and differential H3K27 acetylation, for 
both the human cholesteatoma and skin specimens. As 
shown in Fig. 2a, the number of active region profiles 
marked by H3K27ac in cholesteatoma (n = 38,264) was 

more than that of the skin (n = 25,295) specimens. The 
genomic features had some differences between the skin 
and cholesteatoma (skin vs. cholesteatoma: 11,607 vs. 
18,054 in introns, 3660 vs. 3339 in exons, 687 vs. 684 
in the 3′-UTR, 3025 vs. 2496 in the 5′-UTR, 3496 vs. 
3381 in 1 kb upstream, and 5756 vs. 9832 in intergenic 
regions), and the genomic distribution of cholesteatoma 
versus that of skin is schematically illustrated in Fig. 2b.

The ChIP-seq analysis revealed that a genome-wide 
increase of H3K27ac with regional gains in H3K27ac 
levels was detected in the cholesteatoma specimens as 
compared with that of the skin specimens (Fig. 1c, slope 
value > 1, Pearson’s correlation coefficient = 0.941, slope 
2.0216.) Heatmaps and plots of H3K27ac ChIP-seq 
data revealed that global H3K27ac signals in the active 
regions, gene bodies and promoter regions (TSS) were 
increased, with a two-fold increase in the cholesteatoma 
specimens against those of skin (Fig. 2c). In the chole-
steatoma specimens, increased of H3K27ac was seen in 
terms of the forkhead box protein C2 (FOXC2), which 
belongs to the Fox family; PRKCH, a family of serine- 
and threonine-specific protein kinases; and PPP1R16B, 
which is a regulator of protein phosphatase 1 (Fig. 2d).

Super-enhancers are large clusters of enhancers that 
regulate the activity of key genes during development 
and disease pathogenesis (Lovén et al. 2013; Whyte 
et al. 2013). H3K27ac is one of the best-characterized 
epigenetic marks for mapping genome-wide SE struc-
tures (Creyghton et al. 2010; Raisner et al. 2018). To 
test whether the pathogenesis of cholesteatoma may 
alter SEs to modulate its target gene activities, we used 
the ROSE algorithm to map SEs in both skin and cho-
lesteatoma. Higher signals ranked by H3K27ac were 
designated as SEs (Fig. 2f). A total of 750 SEs was iden-
tified in skin specimens. As compared to the results for 
the skin, the total number of SEs increased to 942 SEs 
in the cholesteatoma specimens, respectively (Fig. 2f). 
Among the detected genes in ChIP-seq, which were 
shown in Fig. 2e, an increased H3K27ac signal of the 
SE associated with FOXC2 was observed in the chole-
steatoma specimens compared with the results for the 
skin specimens (Fig. 2G).

Analysis of FOXC2‑Expression in Human Tissues

To confirm that the protein expression of FOXC2 played 
a role in the pathogenesis of cholesteatoma, we analyzed 
the expression of FOXC2 by immunohistochemistry in 
the cholesteatoma and skin tissues. As shown in Fig. 3a, 
FOXC2 protein was detected in the basal and upper 
layers of the epithelium and subepithelial region in the 
cholesteatoma. In contrast, a small number of FOXC2-
positive cells were found, mainly in the basal layer of 
the epithelium but rarely detected in the subepithelial 
region in the skin (Fig. 3a). No staining was detected 
with normal mouse IgG instead of with the first antibody 
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(Fig. 3a). High levels of FOXC2 LI were observed in the 
epithelium of the cholesteatoma (n = 25, 34.43 ± 8.8%) 
versus that of the skin (n = 12, compared to 3.64 ± 2.3%) 
(one-way ANOVA F(1, 35) = 139.17, p < 0.0001 with a 
Student t test) (Fig. 3b, Table 2). In addition, FOXC2 LI 
in the subepithelial region of cholesteatoma specimens 
(n = 25, 34.83 ± 9.9%) was significantly higher than that 
in the skin specimens (n = 12, 4.19 ± 2.3%) (one-way 
ANOVA F(1, 35) = 139.17, p < 0.0001 with an unpaired 
t test) (Fig. 3b, Table 2).

Acetylation Level of Histone H3 at Lysine 9, 14, 
18, 23, and 27 in KGF cDNA‑Transfected Mouse 
Ear Skin

The FLAG-hKGF expression vector or vector alone was 
transfected into the mouse ear, according to the proto-
col of a previous paper (Yamamoto-Fukuda et al. 2015) 
(Fig. 4a). The FLAG-hKGF expression vector was suc-
cessfully transfected in vivo and induced KGF expression 

Fig. 1   a Immunohistochemical detection of acetylated histone H3 
at lysine 9, 14, 18, 23, and 27 in paraffin-embedded human nor-
mal skin (skin, upper panels) and middle ear cholesteatoma (chole, 
lower panels) tissues. Some H3K9ac-positive cells were detected 
in keratinizing squamous epithelium and subepithelial region in 
the sections of skin and chole. Many H3K14ac-positive cells and 
H3K18ac-positive cells were detected in keratinizing squamous 
epithelium in the sections of skin and chole. H3K23ac-positive 
cells and H3K27ac-positive cells were detected in keratinizing 
squamous epithelium and subepithelial region in the sections of 
chole, but scarcely detected in the section of skin. Normal rabbit 

IgG (Rb IgG) was used instead of first antibody as a negative con-
trol. Arrows indicate positive cells. Dashed lines indicate the base-
ment membrane. K indicates keratinizing squamous epithelium. S 
indicates the subepithelial region. Scale bars, 20  µm. b Box plot 
showing the labeling index (LI) of acetylated histone H3 at lysine 
9, 14, 18, 23, and 27 positive cells in skin (white boxes, n = 30 for 
each) vs. chole (gray boxes, n  =  35 for each). One-way ANOVA 
with an unpaired t-test were used to compare each LI of skin versus 
chole; H3K18ac LI: F (1, 63) = 8.27, **, p < 0.01; H3K23ac LI: F(1, 
63) = 28.46, ****, p < 0.0001: H3K27ac LI: F(1, 63) = 48.08, ****, 
p < 0.0001
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until day 4, the same as the results described previously 
(Yamamoto-Fukuda et al. 2015) (data not shown).

According to the results of the immunohistochemistry, 
a large number of H3K27ac-positive cells were detected 
in the basal and upper layers of the thickened epithelium 
and subepithelial region of the KGF gene-transfected ears 
at day 4, but were scarcely detected in the sections of the 
vector alone-transfected ears at day 4 (Fig. 4b). H3K27ac 
LI in the KGF gene-transfected ears (day 4, n  =  3, 
35.53 ± 2.5%) was significantly higher than that of the 
vector alone-transfected ears (day 4, n = 3, 9.83 ± 0.7%) 
(one-way ANOVA F(1, 4) 293.74, p < 0.0001 with an 
unpaired t-test) (Fig. 4c). H3K18ac-positive cells were 
detected in the basal and upper layers of the epithelium 
and subepithelial region in sections of both the KGF 
gene-transfected ears and vector alone-transfected ears; 
however, the H3K18ac-positive rate of the KGF gene-
transfected ears (day 4, n = 3, 77.04 ± 4.8%) was sig-
nificantly higher than that of the vector alone-transfected 
ears (day 4, n = 3, 35.93 ± 6.8%) (one-way ANOVA F(1, 
4) = 72.23, p < 0.01 with an unpaired t test) (Fig. 4c). 
On the other hand, the results of the immunohistochem-
istry of anti-H3K9ac, anti-H3K14ac and anti-H3K23ac, 
the localization and frequency of positive cells was almost 
same in the sections of both the KGF gene-transfected and 
vector alone-transfected ears. Some H3K9ac-positive and 
H3K14ac-positive cells and many H3K23ac-positive cells 
were detected in the epithelium and subepithelial regions of 
the KGF gene-transfected and vector alone-transfected ears 
(data not shown). H3K9ac LI (day 4, n = 3, 28.40 ± 3.1%), 
H3K14ac LI (day 4, n = 3, 21.72 ± 4.7%), and H3K23ac 

LI (day 4, n = 3, 52.78 ± 11.1%) in the KGF gene- 
transfected ears were almost the same as that of the vector 
alone-transfected ears (day 4, n = 3 for each, H3K9ac LI 
28.07 ± 3.2%, H3K14ac LI 22.08 ± 4.5%, and H3K23ac 
LI 52.55 ± 3.9%) (Fig. 4c).

Immunohistochemical Analysis of Acetylation of 
H3K27 and FOXC2 Expression in KGF‑Induced 
Cholesteatoma In vivo

At day 23 after vector transfection, an immunohistochem-
ical analysis for H3K27ac was performed to evaluate the 
effects of KGF gene transfection against the histone mod-
ification of epithelial cells of KGF-induced cholesteatoma 
(Fig. 4a). H&E staining revealed that the epithelial and 
intermediate layers of the pars flaccida (PF) of the TM of 
the KGF gene-transfected ears were thickened with debris 
and consistent cholesteatoma formation, the same results 
as described previously (Yamamoto-Fukuda et al. 2015) 
(Fig. 4d). In this thickened TM, the number of H3K27ac-
positive cells had increased in the epithelial, intermedi-
ate and mucosal layers (Fig. 4e). In contrast, FOXC2-
positive cells were observed mainly in the intermediate 
and mucosal layer of the PF in the KGF gene-trans-
fected ears (Fig. 4e). Some of the epithelial cells of the 
PF were FOXC2-positive in the KGF gene-transfected 
ears (Fig. 4e). On the other hand, the TM of the vector-
alone transfected ears appeared as normal, thin, squa-
mous epithelium (Fig. 4d). In the control ears, H3K27ac-
positive cells and FOXC2-positive cells were scarcely 
detected in the TM (Fig. 4e). H3K27ac LI in the KGF 

TABLE 2

The results of LI of H3K9ac, 14ac, 18ac, 23ac, and 27ac-positive cells, and FOXC2-positive cells in human specimens and 
vector transfected-mouse ears

**** p < 0.0001, ***p < 0.001, **p < 0.01

H3K9ac H3K14ac H3K18ac H3K23ac H3K27ac FOXC2

Human

  Cholestea-
toma

40.74 ± 23.0 
(n = 35)

57.70 ± 23.0 
(n = 35)

63.47 ± 18.8 
(n = 35)**

63.45 ± 21.0 
(n = 35)****

61.69 ± 22.2 
(n = 35)****

34.83 ± 9.9 
(n = 25)****

  Skin 39.65 ± 20.2 
(n = 30)

59.90 ± 21.6 
(n = 30)

47.13 ± 26.8 
(n = 30)

35.28 ± 21.5 
(n = 30)

29.57 ± 13.3 
(n = 30)

4.19 ± 2.3 
(n = 12)

Mouse day 4

  KGF gene 28.40 ± 3.1 
(n = 3)

21.72 ± 4.7 
(n = 3)

77.04 ± 4.8 
(n = 3)**

52.78 ± 11.1 
(n = 3)

35.53 ± 2.5 
(n = 3)****

  Vector alone 28.07 ± 3.2 
(n = 3)

22.08 ± 4.5 
(n = 3)

35.93 ± 6.8 
(n = 3)

52.55 ± 3.9 
(n = 3)

9.83 ± 0.7 (n = 3)

Mouse day 23

  KGF gene/
Chole

55.54 ± 7.6 
(n = 4)****

49.07 ± 7.1 
(n = 4)****

  Vector alone 20.14 ± 6.4 (n = 4) 5.10 ± 2.1 (n = 4)
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gene-transfected ears at day 23 (n = 4, 55.54 ± 7.6%) 
was significantly higher than that in the vector alone-
transfected ears at Day 23 (n = 4, 20.14 ± 6.4%; one-way 
ANOVA F(1, 6) = 50.64, p < 0.001 with an unpaired 
t-test) (Fig. 4f, Table 2). Higher FOXC2 LI was observed 
in the subepithelial region of the PF after KGF gene 
transfection, compared to the vector alone transfection 
(n = 4 for each, 49.07 ± 7.1% vs. 5.10 ± 2.1%; one-way 
ANOVA F(1, 6) = 142.34, p < 0.0001 with an unpaired 
t test) (Fig. 4f, Table 2).

Inhibition of H3K27ac Repressed the Expression 
of FOXC2 In vitro

To examine the role of H3K27ac under KGF induc-
tion against the expression of FOXC2 in middle ear epi-
thelial cells, we administered one reported inhibitor for 
H3K27ac, C646 (Li et al. 2019) in vitro. As expected, 
the level of acetylation of H3K27 was upregulated 
under KGF administration in the middle ear epithelial 
cells (KGF + versus KGF-, 2.30 versus 0.11) (Fig. 5a). 
H3K27ac inhibitor or a menin-MLL1 inhibitor adminis-
tration (50 µM C646, 0.5 µM MI503, n = 4 for each) was 
performed before KGF protein administration in vitro. 
According to the results, the anti-H3K27ac polyclonal 
antibody detected H3K27ac protein in the control group, 
C646 group, and MI503 group (Fig. 5b), but the inten-
sity of the bands of the C646 group and MI503 group 
was lower than that of the control group (C646, MI503 
versus control, 0.10, 0.19 versus 2.37) (Fig. 5c). We found 
that the treatment of C646 or MI503 to the middle ear 
epithelial cells inhibited acetylation of H3K27, indicating 
that the drugs were functional (Fig. 5b, c). Anti-FOXC2 
polyclonal antibody detected FOXC2 protein in the con-
trol group but slightly detected it in the C646 group and 
MI503 groups (Fig. 5b). The intensity of the bands of 
the C646 group and MI503 group was lower than that 
of the control group (C646, MI503 versus control, 0.01, 
0.10 versus 0.27) (Fig. 5c). These data suggest that the 
acetylation of H3K27 controls expression of FOXC2 in 
middle ear epithelial cells.

Detection of FOXC2‑Positive Cells of 
KGF‑Transfected Mouse Ear Skin Tissue After 
Menin‑MLL1 Inhibitor Treatment

To examine the effects of H3K27ac under KGF induc-
tion against the expression of FOXC2 in the ear tissues, a 
menin-MLL1 inhibitor administration (KGF with 50 µM 
MI503, KGF with 500 µM MI503, n = 4 for each) was 
performed after KGF gene transfection in vivo (Fig. 6a). 
As a vehicle, 2% DMSO in PBS was used instead of 
MI503 (KGF with PBS, n = 4). H&E staining of the 
mouse ear skin tissues revealed that KGF gene transfec-
tion with 2% DMSO in PBS induced a marked thicken-
ing of the epithelium, as compared to that for KGF gene 

transfection with MI503-treated ear skin tissue (Fig. 6b). 
The thickness of the epithelium of KGF with 2% DMSO 
in PBS reached a maximum (86.89 ± 31.7 µm). On 
the other hand, the thickness of the epithelium of KGF 
with 50 µM MI503 (31.46 ± 10.1 µm) and of KGF with 
500 µM MI503 (47.91 ± 18.6 µ m) was significantly 
reduced (one-way ANOVA F(2, 9) = 6.69, p = 0.0152 
and p = 0.0783, respectively, with Tukey’s post hoc test) 
(Fig. 6c, Table 3). The number of H3K27ac-positive 
cells was dramatically lower in the subepithelial region, 
and almost no positive epithelial cells were found in the 
KGF gene-transfected ear skin tissue treated with 50 µM 
or 500 µM MI503 (Fig. 6d). However, intensely stained 
epithelial cells were detected in KGF gene-transfected 
ear skin tissue treated with 2% DMSO in PBS (Fig. 6d). 
H3K27ac LI of the MI503-treated ears (KGF with 
50 µM MI503 8.74 ± 2.5%, KGF with 500 µM MI503 
8.25 ± 1.2%) was significantly lower than that of the 
2% DMSO in PBS-treated ears (36.73 ± 2.2%) (one-
way ANOVA F(2, 9) = 253.56, p < 0.0001 with Tukey’s 
post hoc test) (Fig. 6e, Table 3). As expected, acetylation 
of histoneH3K27 induced under KGF expression was 
inhibited by the menin-MLL inhibitor MI503. Accord-
ing to the results of an immunohistochemical analysis of 
FOXC2, positive cells were detected in the subepithelial 
region of KGF with 2% DMSO in PBS (Fig. 6d). On 
the other hand, MI503 inhibits FOXC2 expression in 
the cells of the subepithelial region induced by KGF 
gene transfection (Fig. 6d). In contrast to the vehicle, 
FOXC2-positive cells were scarcely detected (Fig. 6d). 
At day 4 after KGF transfection, FOXC2 LI of the 
MI503-treated ears (50 µM MI503: 7.56 ± 2.8%, 500 µM 
MI503: 8.29 ± 4.4) was significantly lower than that of 
the PBS-treated ears (32.11 ± 2.5%) (one-way ANOVA 
F(2, 9) = 69.88, p < 0.0001 with Tukey’s post hoc test) 
(Fig. 6e, Table 3).

DISCUSSION

Induction of Acetylation of 
HistoneH3K27‑Activated FOXC2 Gene 
Transcription in Human Cholesteatoma 
Specimens

It is well known that cholesteatoma is characterized by 
the presence of a keratinizing epithelium with a subepi-
thelial region that is believed to have hyper-proliferative 
properties under chronic inflammation (Sudhoff and 
Tos 2000). Our understanding of the molecular mecha-
nism underlying the pathogenesis of cholesteatoma is lim-
ited, but an active proliferation of epithelial cells under 
stimulation of proinflammatory cytokine is thought to 
be irreversible (Chi et al. 2015). According to the results 
of recent studies that indicated the correlation between 
histone acetylation and inflammatory disease (Ito et al. 
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of the best-characterized epigenetic marks associated with 
active enhancer and promoter regions (Creyghton et al. 
2010; Calo and Wysocka 2013). The open chromatin 
regions marked by H3K27ac may be indicative of the fre-
quent binding of transcription factors and large genomic 
regions, so-called SEs (Hnisz et al. 2013; Whyte et al. 
2013). Super-enhancers contain high transcription activity 
and control the expression of cell identity genes (Hnisz 
et al. 2013; Whyte et al. 2013). As a next step, we moved 
onto investigating H3K27ac ChIP-seq.

In a previous study, we indicated that KGF enhanced 
epithelial cell proliferative activity and correlated to the 
recurrence of human cholesteatoma (Yamamoto-Fukuda 
et al. 2003). In addition, the repetitive electroporatic 
transfection of the KGF gene expression vector induced 
middle ear cholesteatoma formation in vivo (Yamamoto-
Fukuda et al. 2015). In the recent study, the activation of 
FOXD3, one of the Fox families, was shown upon FGF 
signaling with acetylation of H3K27 during mouse ear 
development (Tambalo et al. 2020). Based upon these 
observations, we hypothesized that cholesteatoma forma-
tion might be induced by the expression of FOXD3 with 
histone modification under KGF signaling. However, 
based on the results related to H3K27ac ChIP-seq, we 
found active changes in the FOXC2 gene locus associated 
with the SEs and FOXC2 protein expression, another 
member of the Fox family, in the cholesteatoma speci-
mens as compared to the skin specimens (Fig. 2, Fig. 3). 
FOXC2 has recently been reported to be involved in 
cancer progression and metastasis, and a high expres-
sion of FOXC2 is an independent prognostic factor in 
esophageal cancer, gastric cancer, and non-small-cell 
lung cancer (Nishida et al. 2011; Zhu et al. 2013; Jiang 
et al. 2012). In a recent study, Imayama and colleagues 
(2015) detected that the expression of FOXC2 was 

2005), we focused on the acetylation level of histone H3 
in cholesteatoma tissues.

As expected, in this study we clearly demonstrated 
that many H3K18ac-positive, H3K23ac-positive and 
H3K27ac-positive epithelial cells were detected in human 
cholesteatoma specimens (Fig. 1). Gene expression regu-
lation may be co-determined by a combination of other 
histone modifications, including the acetylation of H3K9, 
H3K18 (Ernst et al. 2011; Zentner et al. 2011), and 
H3K27 that are linked with active enhancers and promot-
ers (Djebali et al. 2012; Heintzman et al. 2007). Among 
these, we focused on H3K27ac mainly because it is one 

Fig. 2   H3K27ac ChIP-seq data in the normal skin (skin) and mid-
dle ear cholesteatoma (chole). a Venn diagram showing the num-
ber of active regions marked by H3K27ac in skin (25,295) and 
chole (38,264) specimens. Total number of Active region profiles 
marked by H3K27ac were increased in chole. b Genomic fea-
tures pie charts of skin and chole. c The peak correlation for each 
active region between skin and chole. The progressive gain of 
H3K27ac was shown in chole specimens. x/y values are tag num-
bers in merged peak regions. Slope value > 1 indicates a gain of 
H3K27ac; Pearson’s correlation coefficient = 0.941, slope 2.0216. 
d Heatmaps and plots of H3K27ac ChIP-seq data for active regions, 
gene bodies and promotors (TSS) of skin and chole specimens. e 
Visualization of H3K27ac ChIP-seq data in the UCSC genome 
browser. Screenshot of UCSC genome browser showing H3K27ac 
ChIP-seq results in the skin and chole specimens. The chole speci-
mens increased H3K27ac at the FOXC2 gene locus, PRKCH gene 
locus, and PPP1R16B gene locus. FOXC2: forkhead box protein 
C2; PRKCH: protein kinase C eta type, serine 11B; PPP1R16B: pro-
tein phosphatase 1 regulatory subunit 16B. f Enhancers in skin and 
chole specimens identified by the ROSE program were ranked and 
plotted by H3K27ac ChIP-seq signal. Each blue dot represents an 
enhancer, in which the one above the inflection point of the curve 
was defined as super-enhancers (SE) (red circle areas). g Visualiza-
tion of gained SE at Foxc2 locus by H3K27ac ChIP-seq data in the 
UCSC genome browser

◂

Fig. 3   Detection of FOXC2-expression in human middle ear cho-
lesteatoma tissues and skin. a Immunohistochemical analysis 
using the anti-FOXC2 antibody in the sections of skin and chole. 
FOXC2-positive cells were detected in the basal layer of the epi-
thelium of skin. In the section of chole many FOXC2-positive cells 
were shown in keratinizing squamous epithelium and subepithelial 
region. Normal mouse IgG (Ms IgG) was used instead of first anti-
body as a negative control. Arrows indicate positive cells. Dashed 

lines indicate the basement membrane. K indicates keratinizing 
squamous epithelium. S indicates the subepithelial region. Scale 
bar, 20 µm. b Box plot showing the labeling index (LI) of FOXC2-
positive cells in the epithelium (epithelium) or subepithelial region 
(stroma) of skin (white boxes, n = 12) vs. chole (gray boxes, n = 25). 
One-way ANOVA with an unpaired t test were used to compare 
FOXC2 LI of skin versus chole; in epithelium: F(1, 35)  =  139.17, 
****, p < 0.0001; in stroma: F(1, 35) = 110.50, ****, p < 0.0001
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associated with proliferation in the oral squamous cell 
carcinoma cell line analysis. Initially, we hypothesized 
that the expression of FOXC2 increased the prolifera-
tive activity of epithelial cells in cholesteatoma and ana-
lyzed the correlation between the proliferative activity of 
epithelial cells and FOXC2 LI in cholesteatoma tissues 
immunohistochemically by using anti-proliferating cell 
nuclear antigen (PCNA) antibody. Against our expecta-
tions, a significant correlation between FOXC2 LI and 
PCNA LI was not observed (data not shown). FOXC2 
also has been shown to induce epithelial mesenchymal 
transition (EMT) and to serve as a link between EMT 
and stem cell properties in breast cancer (Mani et al. 
2007; Hollier et al. 2013). One of these studies indi-
cated FOXC2 could induce EMT and promote invasion 
and metastasis by decreasing E-cadherin expression but 
increasing Snail expression (Cui et al. 2015). Indeed, we 
indicated partial-EMT was observed during growth of 
cholesteatoma tissues in our recent study (Takahashi et al 
2019), which supports the results of this study.

KGF Enhanced H3K27ac and FOXC2 Expression 
in Mouse Ear Skin Tissue and KGF‑Inducing 
Cholesteatoma In vivo

In a previous study, we indicated that KGF enhanced 
epithelial cell proliferative activity and correlated it to the 
recurrence of human middle ear cholesteatoma (Yamamoto-
Fukuda et al. 2003). In addition, we reported that the repeti-
tive electroporatic transfection of the KGF-gene expression 
vector induced middle ear cholesteatoma formation in vivo 
(Yamamoto-Fukuda et al. 2015). Based upon these observa-
tions, we analyzed the effects of KGF against the acetyla-
tion of histone of epithelial and subepithelial cells in our 

Fig. 4   Keratinocyte growth factor (KGF) gene transfection induced 
acetylation of histone H3K27 and FOXC2-expression in the cells of 
mouse ear tissue. a Schematic description of the method for elec-
troporated transfection of KGF-expression vector in mouse ear. As 
a control vector alone transfection was done in the other mouse 
ears. The animals were euthanized using an intraperitoneal injec-
tion of 200 mg/kg pentobarbital and their ear tissue was removed 
4 and 23  days after vector transfection. b Immunohistochemi-
cal detection of H3K27ac in sections of KGF gene-transfected ear 
skin tissue (KGF; day 4) and vector alone-transfected ear skin tissue 
(Empty; day 4). H3K27ac-positive cells (arrows) were detected in 
the epithelium and subepithelial region. No staining was observed 
with normal rabbit IgG (Rb IgG) instead of first antibody. Dashed 
lines indicate the basement membrane. K indicates keratinizing 
squamous epithelium. S indicates the subepithelial region. Scale 
bar, 20  µm. c Dots plot showing labeling index (LI) of acetylated 
histone H3 at lysine 9, 14, 18, 23, and 27 positive cells in vector 
alone-transfected ears (day 4, n  =  3 for each) (Empty, blue dots) 
and the KGF gene-transfected ears (day 4, n = 3 for each) (KGF, red 
dots). One-way ANOVA with an unpaired t test were used to com-
pare each LI of Empty versus KGF; H3K18ac LI: F(1, 4)  =  72.23, 
**, p  <  0.01; H3K27ac LI: F(1, 4)  =  293.74, ****, p  <  0.0001. d 
Hematoxylin and eosin staining in the sections of KGF gene-trans-
fected ears (KGF; day 23) and vector alone-transfected ears (Empty; 
day 23). KGF gene-transfected ears showed cholesteatoma forma-
tion (asterisk) with debris. EAC: ear auditory canal, TM: tympanic 
membrane, ME: middle ear. e Immunofluorescence detection of 
H3K27ac (left columns) and FOXC2 (right columns) in the sections 
of Empty and KGF (boxed areas in D). In the region of cholestea-
toma many H3K27ac-positive (red) and FOXC2-positive cells (red) 
were shown in epithelial layer (white arrows), intermediate layer 
(green arrows) and mucosal layer (yellow arrows). A few H3K27ac-
positive (red) and FOXC2-positive cells (red) were shown in TM of 
Empty. Arrows: positive cells. Scale bars, 50  µm. Nuclei stained 
with DAPI (4′,6′-diamidino-2-phenylindole) (blue). f Box plot show-
ing the H3K27ac LI or FOXC2 LI of in vector alone-transfected ears 
(Empty, n  =  4 for each) (white boxes) and KGF gene-transfected 
ears (KGF, n = 4 for each) (gray boxes). One-way ANOVA with an 
unpaired t test were used to compare Empty versus KGF; H3K27ac 
LI: F(1, 6)  =  50.64, ***, p  <  0.001; FOXC2 LI: F(1, 6)  =  142.34, 
****, p < 0.0001

◂

Fig. 5   The expression of FOXC2 under the acetylation of H3K27 
induced by KGF was inhibited by the H3K27ac inhibitor (C646) 
and the menin-MLL inhibitor (MI503). a The acetylation of H3K27 
was induced by the administration of KGF protein. Western blot 
analysis of H3K27ac and β-actin in the cells treated with PBS (left 
lane) or treated with KGF (right lane) (top lane, reacted with anti-
H3K27ac antibody; bottom lane, reacted with anti β-actin anti-
body). b Western blot analysis of H3K27ac, FOXC2, and β-actin 

in the cells of control (left lane), C646 with KGF (middle lane), or 
MI503 with KGF (right lane) (top lane, reacted with anti-H3K27ac 
antibody; middle lane, reacted with anti-FOXC2 antibody; bottom 
lane, reacted with anti-β-actin antibody). c Bar graphs showing 
the expression level of H3K27ac or FOXC2 protein of each group. 
The signal strength was determined using the intensity of the band 
divided by the β-actin band intensity. β-Actin was used as a loading 
control
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in vivo model. The transfection of the hKGF-expression 
vector by electroporation increased the H3K27ac level in 
the thick keratinized epithelial and subepithelial regions of 
the ear skin tissue and also in the cholesteatoma induced 
by the hKGF-expression vector (Fig. 4). The localization 
of H3K27ac-positive cells was the same as that of human 
cholesteatoma (Fig. 1, Fig. 4). However, FOXC2 expression 
was detected both in the cells of the subepithelial region and 
in the mucosal layers, but scarcely detected in the cells of 
the keratinized epithelial layer in the mouse model (Fig. 4). 

In the previous study, we showed that p63-positive stem/
progenitor cells increased in the thickened epithelium after 
KGF transfection in vivo (Yamamoto-Fukuda et al. 2018). 
The p63 gene, a homologue of the tumor suppressor p53, 
is highly expressed in the basal or progenitor layers of 
many epithelial tissues and it is likely that p63 preserves 
the self-renewal capacity of progenitor cells (Yang et al. 
1998). Therefore, we concluded that p63 might be critical 
for maintaining the progenitor cell populations necessary to 
sustain epithelial hyper-proliferation and morphogenesis of 
middle ear cholesteatoma (Yamamoto-Fukuda et al. 2018). 
Previously, Kouwenhoven and colleagues (2015) showed 
that the activity of p63 binding sites, as defined by the co-
localization of histone modification mark H3K27ac signals, 
correlates with the expression of nearby genes, which are 
associated with distinct skin disease phenotypes. They also 
concluded that the dynamics of gene expression correlated 
with the activity of p63-bound enhancers plays a role in 
keratinocyte differentiation rather than that of p63 binding 
itself (Kouwenhoven et al. 2015). Taken together with our 
previous results and these observations, it is possible that 
the genes activated by the p63-bound enhancers, which are 
associated with the epithelial cells of cholesteatoma, might 
be masked by the results of H3K27ac ChIP-seq analysis. In 
this regard, we should do a combined analysis of p63 ChIP-
seq and H3K27ac ChIP-seq to detect the genes that are in 
active p63 binding sites with the H3K27ac mark as target 
genes associated with the pathogenesis of epithelial cells in 
cholesteatoma in the future.

FOXC2-expression was detected in the mucosal layer 
of the TM in KGF-induced cholesteatoma in vivo. There 
is another possibility that the effects of KGF on FOXC2-
expressed mucosal epithelia in the TM may strongly accel-
erate cellular turnover and differentiate into the keratinizing 
epithelia that consists of cholesteatoma. It has been docu-
mented that FOXC2 directly induces the transcription of 
CXCR4 by activating its promoters and is associated with 
angiogenesis (Li et al. 2011). They showed that FOXC2-
positive endothelial progenitor cells increased migration 
and adhesion capacity, and also indicated that FOXC2 
overexpression enhances the homing capacity of endothe-
lial progenitor cells and improved reendothelialization (Li 
et al. 2011). This supports our hypothesis. There is another 

TABLE 3

Epithelial thickness and LI of H3K27ac- and FOXC2-positive cells of the ear epithelium treated with MI503 or 2% DMSO in 
PBS (vehicle) after KGF gene transfection

**** p < 0.0001, *p < 0.05; **p < 0.0001

Epithelial thickness H3K27ac FOXC2

KGF + MI503 50 µM (n = 4) 31.46 ± 10.1 8.74 ± 2.5 7.56 ± 2.8

KGF + MI503 500 µM (n = 4) 47.91 ± 18.6 8.25 ± 1.2 8.29 ± 4.4

KGF + 1% DMSO/PBS (n = 4) 86.89 ± 31.7* 36.73 ± 2.2**** 32.11 ± 2.5****

Fig. 6   Increased expression of FOXC2 under the over-expression 
of KGF was inhibited by the menin-MLL inhibitor (MI503), an 
inhibitor for H3K27ac. a Schematic description of the method for 
administration of MI503 in vivo in KGF-transfected mouse ear. The 
menin-MLL inhibitor (500 µM or 50 µM MI503) or 2% DMSO in 
PBS (PBS) was administered via eardrops each day every 24 h from 
the next day of vector transfection to the day before euthanization. 
The animals were euthanized using an intraperitoneal injection of 
200 mg/kg pentobarbital and their ear tissue was removed. b Mor-
phological changes in the mouse ear tissues after MI503 admin-
istration with KGF gene transfection. H&E staining of ear tissues 
of KGF + PBS, KGF + MI503 50 µM, and KGF + MI503 500 µM. 
Double-headed arrows indicate thickened epithelium. Dashed 
lines indicate the basement membrane. K indicates keratinizing 
squamous epithelium. S indicates the subepithelial region. Scale 
bar, 20 µm. c Box plot showing the average of the epithelial thick-
ness in the sections of KGF + PBS (86.89 ± 31.7 µm), KGF + MI503 
50  µM (31.46  ±  10.1  µm) and KGF  +  MI503 (47.91  ±  18.6  µm) 
(n  = 4 for each) (*p  < 0.05 as determined by a one-way ANOVA 
F(2, 9) = 6.69 with a Tukey’s post hoc test). d Immunohistochemi-
cal detection of H3K27ac (upper columns) and FOXC2 (lower 
columns) in the sections of KGF  +  PBS, KGF  +  MI503 50  µM, 
and KGF + MI503. H3K27ac-positive cells (arrows) were detected 
in the epithelium and subepithelial region of KGF  +  PBS. MI503 
administration was reduced the acetylation of H3K27 in the cells 
of epithelium and subepithelial region (KGF  +  MI503 50  µM 
and KGF  +  MI503 500  µM). FOXC2-positive cells (arrows) were 
detected in the subepithelial region of KGF + PBS. MI503 adminis-
tration was reduced the expression of FOXC2 (KGF + MI503 50 µM 
and KGF + MI503 500 µM). Arrows indicate positive cells. Dashed 
lines indicate the basement membrane. K indicates keratinizing 
squamous epithelium. S indicates the subepithelial region. Scale 
bar, 20  µm. e Box plot showing the H3K27ac LI or FOXC2 LI of 
KGF + PBS, KGF + MI503 50 µM and KGF + MI503 500 µM (n = 4 
for each) (one-way ANOVA with a Tukey’s post hoc test; H3K27ac 
LI: F(2, 9) = 253.54, ***, p < 0.0001; FOXC2 LI: F(2, 9) = 69.88, 
****, p < 0.0001)

◂
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study that showed that high expression of FOXC2-mRNA 
was detected in keratinocytes in a primary culture har-
vested from human TM tissues as compared with normal 
human skin keratinocytes by real-time reverse transcription 
polymerase chain reaction (Sagiv et al. 2019). By contrast, 
in our study FOXC2 was not detected in the keratinizing 
epithelia of the TM without KGF stimulation (Fig. 4). One 
possibility is that growth factors contained in the culture 
media, keratinocyte serum-free medium and progenitor cell 
medium in a 1:1 ratio, might accelerate FOXC2-mRNA 
expressed in the primary culture keratinocyte (Sagiv et al. 
2019). Indeed, the recent study indicated that insulin, 
which was in this culture media for keratinocyte, promoted 
the expression of FOXC2-mRNA in prostate cancer cells 
(Sarkar et al. 2019).

Treatment with MI503, a Menin‑MLL 
Inhibitor, Suppressed H3K27ac and FOXC2 
Expression, Resulting in the Suppression of 
Hyperproliferation of the Epithelium

To determine whether KGF induces an acetylation of 
H3K27 in middle ear epithelial cells, we first did an 
in vitro assay. The primary middle ear epithelial cells 
were treated with or without rhKGF protein (10 ng/
ml) overnight and the expression level of H3K27ac was 
analyzed in the whole cell lysates by western blot analy-
sis. According to the results, a high level of H3K27ac-
expression was detected in the rhKGF-treated cells 
(Fig. 5a). During development, FGF signaling increases 
levels of H3K27ac by recruiting p300 HAT (Peluso 
et  al. 2017). KGF is a member of the FGF family 
and plays a role in the differentiation of lung epithe-
lial cells and oral epithelial cells during development 
(Finch et al. 1995; Otsuka-Tanaka et al. 2013). These 
facts supported our results that KGF signaling induces 
H3K27ac, which is required to activate some genes 
associated with the pathogenesis of cholesteatoma. 
Next, we analyzed the upstream of FOXC2 expres-
sion under KGF signaling by using H3K27ac inhibi-
tor (C646) in vitro. C646 is a p300 HAT inhibitor 
and it directly inhibits the acetylation of H3K27 (Li 
et al. 2019). According to the results, FOXC2 expres-
sion was suppressed in the middle ear cells treated with 
H3K27ac inhibitor (Fig. 5b). In other words, the induc-
tion of H3K27ac under KGF signaling might induce 
the expression of FOXC2 in middle ear cells. A menin-
MLL1 inhibitor, MI503, is known as an inhibitor of 
trimethylation of H3K4 (Malik et al. 2015). Interest-
ingly, recent studies demonstrated that H3K4me3 and 
H3K27ac are contained looped enhancers bounded by 
menin and MLL1 and MLL2; in other words, menin-
H3K4me3-dependent gene regulation marked by 
menin-bound TSS connected to the canonical enhancer 

histone mark H3K27ac (Dreijerink et al. 2017). To ana-
lyze the effects of menin-MLL inhibitor (MI503) as a 
H3K27ac inhibitor, we also treated the middle ear cells 
with MI503 before KGF administration. According to 
the results, MI503 inhibited the acetylation of H3K27 
and reduced the expression of FOXC2 in the middle 
ear epithelial cells (Fig. 5b).

To confirm the induction of H3K27ac under KGF 
signaling induced the expression of FOXC2 in mouse 
cholesteatoma model, we performed KGF-gene transfec-
tion with menin-MLL inhibitor (MI503) or 2% DMSO 
in PBS in a mouse ear in vivo (Fig. 6). As expected, the 
number of H3K27ac-positive cells in the MI503-treated 
ear had decreased and thickening of the epithelium was 
reduced (Fig. 6). The menin-MLL complex can directly 
bind on histone-marked promoters and coding regions of 
its target genes and induce leukemia and prostate cancer 
(Shi et al. 2012; Malik et al. 2015). Recently, menin-MLL 
inhibitor has attracted attention as a therapeutic drug 
and several menin-MLL inhibitors, including KO-539 
and SNDX-5613, are now in clinical trials for leukemia 
patients. In addition, Kempinska and colleagues (2018) 
demonstrated that the menin-MLL inhibitor MI-503 
showed antitumor activity in the in vitro and in vivo 
models of hepatic cell carcinoma.

In our study, FOXC2 expression was consistently 
upregulated and detected in the subepithelial region in the 
mouse ear and thickened epithelium was induced at day 
4 after KGF gene transfection (Fig. 6). Furthermore, by 
using an inhibitor of H3K27ac, MI503 in vivo, the num-
ber of FOXC2-positive cells in the subepithelial region 
was shown to have decreased (Fig. 6). Many reports indi-
cate that FOXC2 loss-of-function causes pre- and perinatal 
death in association with skeletal, genitourinary tract and 
cardiovascular defects (Iida et al. 1997; Winnier et al. 1999; 
Kume et al. 2001; Kanzaki-Kato et al. 2005; Seo and 
Kume 2006). However, the expression of FOXC2 decreases 
after the developmental stage and is expressed in adipose 
tissues under the conditions of obesity (Nishida et al. 2011; 
Zhu et al. 2013; Jiang et al. 2012; Imayama et al. 2015; 
Cederberg et al. 2001) and carcinogenesis in adults (Li et al. 
2013). Since FOXC2 is abnormally expressed in chole-
steatoma, it is considered to be a good therapeutic target 
for promoting the suppression of FOXC2 expression with 
MI503. In fact, many recent studies have analyzed FOXC2 
as a therapeutic target for disease (Pan and Xie 2020; Bi 
et al. 2020; Chen et al. 2020), the same as with our study.

In conclusion, KGF may accelerate the acetylation of 
H3K27 and the induction of FOXC2 expression of cells in 
the TM, resulting in epithelial hyperplasia and stratification 
with debris, as in cholesteatoma formation. Controlling the 
modification of histone acetylation is a potentially suitable 
therapeutic target for the conservative treatment of chole-
steatoma in the future.
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