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Abstract
The pathogenesis of asthma is closely related to histone acetylation modification, but the

specific acetylation sites related to this process remain indistinct. Herein, our study sought

to identify differentially modified acetylation sites and their expression distribution in cells

involved in asthma in lung tissues. The airway hyper-responsiveness, inflammation, and

remodeling were assessed by non-invasive whole-body plethysmography, ELISA, and

hematoxylin-eosin staining to confirm the successful establishment of the allergic asthma

model. Afterward, the differentially modified acetylation sites in asthmatic lung tissues were

identified and validated by using proteomics and western blotting, respectively. The immu-

nohistochemistry analysis was applied to reveal the distribution of identified acetylation

sites in asthmatic lung tissues. A total of 15 differentially modified acetylation sites, including

13 upregulated (H3K9ac, H3K14ac, H3K18ac, H3K23ac,H3K27ac, H3K36ac,

H2B1KK120ac, H2B2BK20ac, H2BK16ac, H2BK20ac, H2BK108ac, H2BK116ac, and

H2BK120ac) and 2 downregulated (H2BK5ac and H2BK11ac) sites were identified and

validated. Furthermore, immunohistochemical staining of lung tissues showed that nine of

the identified histone acetylation sites (H2BK5, H2BK11, H3K18, H2BK116, H2BK20,

H2BK120, H3K9, H3K36, and H3K27) were differentially expressed in airway epithelial

cells, and the acetylation of identified H3 histones were observed in both eosinophil and perivascular inflammatory cells.

Additionally, differential expression of histone acetylation sites was also observed in nucleus of airway epithelial cells, vascular

smooth muscle cells, perivascular inflammatory cells, and airway smooth muscle cells. In conclusion, we identified potential

acetylation sites associated with asthma pathogenesis. These findings may contribute greatly in the search for therapeutic

approaches for allergic asthma.
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Introduction

As an inflammatory disease of the airways, asthma has the
attributes of airway hyperresponsiveness and inflamma-
tion and affects around 300 million people worldwide.1

Although a number of clinical and biological asthma phe-
notypes have been described, the pathogenesis of asthma
remains elusive. Chromatin modification is the addition
or removal of chemical groups from the components
of chromosomes including DNA, RNA, histones, and
non-histones, which change the structure of the chromatin

and regulate gene expression.2 In the past few decades,
numerous studies have shown that gene expression in
asthmatic inflammation is closely related to histone mod-
ifications including acetylation, methylation, and succiny-
lation.3 Among them, acetylation plays a regulatory role in
the transcription activation process of inflammatory
genes.4–6 Histone acetylation often happens at the lysine
residues and is regulated by histone acetyltransferases,
which could be reversed by histone deacetylases
(HDACs).7 Multiple studies have demonstrated that the
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use of HDAC inhibitors can significantly alleviate related
symptoms including asthmatic airway inflammation,
airway hyper-responsiveness, as well as airway remodel-
ing.8–11 A research conducted by Stefanowicz et al. indicat-
ed that the acetylation level of H3K18 in the airway
epithelium from asthmatic subjects was obviously higher
than that in normal subjects.12 Seumois et al. suggested that
enhancer profiling for histone H3Lys4 dimethyl
(H3K4me2) could be used for studying the functions of
specialized cell types involved in asthma pathogenesis.13

TGF-b1 is a cytokine which is involved in several cellular
functions and may cause the cells to undergo epithelial
mesenchymal transitions (EMT). Increasing evidence
showed that EMT inducers interact with TGF-b1 in differ-
ent ways to participate in the pathogenesis of lung diseases
including asthma.14 Additionally, Lee et al. confirmed that
high acetylation level of histones (H3 and H4) is closely
related to high expression of TGF-b1, and high secretion
level of TGF-b1 in the airway is directly involved in
asthma pathogenesis.15 However, the underlying mecha-
nism of histone acetylation regulating asthma pathogenesis
remains elusive.

As one of the widely employed techniques in proteo-
mics, the derivatization of peptides with isobaric tags has
gained popularity in the last decade, which included
iTRAQ and tandem mass tag (TMT).16,17 As a chemical
labeling method, TMT labeling applies isobaric mass
labels to accurately quantify and identify biological macro-
molecules based on mass spectrometry. Several studies
demonstrated that TMT labeling could improve sensitivity
and save time in large-scale proteomics studies.18

It is known that the pathogenesis of asthma is closely
related to histone acetylation modification, but the specific
acetylation sites related to this process are not fully identi-
fied. In this study, we sought to identify the differentially
modified acetylation sites between the lung tissue from
healthy and allergic asthma mice by combination of TMT
labeling method and the technique of tandem mass
spectrometry. Additionally, we detected the identified acet-
ylation sites in lung tissues of healthy and allergic asthma
mice by using immunohistochemical (IHC) staining to
provide scientific base for further exploration of the under-
lying mechanism of histone acetylation in asthma
pathogenesis.

Materials and methods

Establishment and grouping of animal models

Twenty-four female BALB/C mice which were 6–8weeks
old were accommodated in an SPF grade room with
humidity of 40%–60% and temperature of 22� 2�C. Food
and water were freely accessible to mice. Mice were ran-
domly distributed into two groups (a normal control group
and a model group with 12 mice in each group) without
significant age difference by using the random number
table. The selection of sample size in each group was per-
formed as previously described.19 Initially, the mice of
model group were administrated with 20 lg of ovalbumin

(OVA) in an intraperitoneal injection way. As previously
reported,11 4mg/ml of aluminum hydroxide gel was
used to intraperitoneally administrate the mice on days 0,
7, and 14 for sensitization. For mice from the normal control
group, OVA was replaced by normal saline. A week after
the last sensitization, the mice were subjected to OVA atom-
ization by using an ultrasonic atomizing device. The atom-
ization scheme was as follows: OVA concentration (20mg/
ml); inhaling 3ml/min for half an hour in each atomization;
three times/week for 8weeks. All procedures regarding
animal experiments were approved by the Institutional
Animal Care and Use Committee of The First Affiliated
Hospital of China Medical University.

Detection of airway responsiveness in mice

As stated before,11 24 h after excitation, airway resistance
was examined by using non-invasive whole-body plethys-
mography to evaluate pulmonary function (Emka technol-
ogies, Paris, France). To evaluate airway resistance,
enhanced pause (Penh) was recorded 3 min after adminis-
tration with different concentrations of acetyl-b-methylcho-
line chloride (0, 3.125, 6.25, 12.5, 25, and 50mg/ml) (Sigma,
USA). The mathematical formulae were Penh¼PEP/
PIP�Pause and Enhanced Pause¼ (Te-Tr)/Tr wherein
PEP¼Peak Expiration Pressure (mL/s), PIP¼Peak
Inspiration Pressure (mL/s), Te¼Expiratory time (s), and
Tr¼Relaxation time (s).

Bronchoalveolar lavage fluid collection and
measurement

After evaluating the lung function, bronchoalveolar lavage
fluid (BALF) was collected to detect cytokine levels as pre-
viously described.20 After centrifugation at 3000g for 5min,
the supernatant of the BALF was harvested and preserved
in refrigerator at �80�C pending subsequent experiments.
The ELISA assay kits (CUSABIO, Hubei, China) were
exploited to measure IFN-c, IgE, IL-4, and IL-5 levels in
the BALF from each group of mice. Then, the precipitate
was resuspended to count total cells and different types of
cells (macrophages, eosinophils, neutrophils and lympho-
cytes) by using a light microscope.

Lung histology

After BALF samples were obtained, half of each left lung
tissues in each group were quickly fixed in 4% paraformal-
dehyde at 4�C overnight prior to being embedded in par-
affin, and the remaining tissues were frozen at �80�C for
subsequent experiment. Then, the paraffin-embedded tis-
sues were sliced into 5 lm thickness sections to undergo
hematoxylin and eosin (H&E) staining. The inflammatory
lesions of the lung tissue were observed under a light
microscope and measured using Image-Pro Plus software
(version 6.0). The inflamed area of lung tissue in H&E stain-
ing for quantification of lung changes was measured as
previously described.21
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Protein digestion, TMT labeling, and enrichment of
acetylated peptides

After the frozen lung tissues were fully pulverized in liquid
nitrogen, the pulverized tissues were thoroughly mixed
with chilled RIPA extraction buffer (Beyotime, Shanghai,
China). After that, the mixture was sonicated, followed by
centrifugation at 5000g for 3min at 4�C. Next, the superna-
tant was harvested andmixed with 2mM ethylenediamine-
tetraacetic acid (EDTA), 20mM iodoacetamide, 10mM
dithiothreitol and protease inhibitor cocktails (Sigma-
Aldrich, St. Louis, MO, USA). Five amounts of pre-cold
acetone containing 10% (v/v) trichloroacetic acid were
added and mixed well. After incubation for 2 h at 4�C,
the mixture was subjected to centrifugation at 5000 g at a
constant temperature of 4�C to remove the supernatant.
The precipitate was rinsed thrice with cold acetone,
thawed in RIPA buffer, and air-dried at room temperature.
After quantifying proteins by using a BCA kit (Thermo
Fisher Scientific, Waltham, MA, USA), equal amount of
total protein from each group was subsequently mixed
with sequencing grade trypsin (Roche, Ingelheim,
Germany) in accordance with a trypsin/protein ratio of
1/50 for incubation overnight at 37�C.

Then, desalting and drying of the digested peptides
were carried out by means of Strata X C18 (Phenomenex)
and vacuum centrifugation, respectively. Next, 0.5M
triethyl-ammonium bicarbonate buffer was used to
dissolve the peptides before the labeling reagent
(TMT-6plexTM Isobaric Label Reagent (TMT126-131)
(ThermoFisher, CA, USA) was added according to the rec-
ommended protocol. TMT reagent was prepared by disso-
lution in anhydrous acetonitrile (ACN). After incubation at
25�C for 2 h, the reaction was quenched by adding hydrox-
ylamine (8 lL of 5%) and subsequently incubated for
15min.

The procedure of peptides enrichment was as follows:
tryptic peptides were melted in NETN buffer (pH 8.0) con-
taining 100mM NaCl, 50mM Tris-HCl, 1mM EDTA, and
0.5% NP-40 prior to incubation with pre-washed antibody
beads (PTM Biolabs, Hangzhou, China) in shaker-incubator
at 4�C overnight. After the beads were rinsed thrice with
NETN buffer and twice with ddH2O, bound peptides were
eluted and collected from the beads with 0.1% trifluoroace-
tic acid, followed by vacuum-dried, and purified with C18
ZipTips (Millipore, Billerica, MA, USA).

Peptide fractionation and liquid chromatography
tandem-mass spectrometry analysis

Peptides were used to perform high pH fractionation by
using an Agilent 300 Extend C18 chromatographic
column (5mm particles, 4.6mm ID, 250mm length)
through the reversed phase liquid chromatography.
Buffer A consisted of 98% H2O and 2% ACN, while
buffer B contained 98% ACN and 10% H2O. Both the buf-
fers contained 10mM ammonium formate. The gradient
program for elution of peptides was as follows: 2%–5%
buffer B for 5min, 5%–8% buffer B for 5min, 8%–18%
buffer B for 25min, 18%–32% buffer B for 22min,

32%–95% buffer B for 2min, 95% buffer B for 4min, and
95%–5% buffer B for 4min. From the 16th min to 74th min,
fractions were taken every minute. A total of 58 fractions
were harvested and pooled into 18 fractions using concat-
enation scheme (1þ19þ 37þ 55, 2þ 20þ 38þ 56, etc.). The
flow rate of the program was 300 ll/min. Pooled fractions
were subsequently desalted and lyophilized for further LC-
MS/MS analysis.

Next, by using a nano-ultra-high-performance liquid
chromatography EASY-nLC 1000 system (Thermo Fisher
Scientific), each pooled fraction dissolved in 0.1% formic
acid (FA) was performed on a reverse phase nanospray
column at a flow rate of 350 nl/min. An elution system
comprising buffer A (2% ACN in 0.1% FA) and buffer B
(98% ACN in 0.1% FA) was applied to elute the peptides
with a linear gradient of 7%–80% over 40min. The param-
eters of the instrument were set as follows: electrospray
voltage¼ 2.0 kV; m/z scan range¼ 350–1800 for a full
scan; resolution in the Orbitrap for detection of intact
peptides/fragments¼ 70,000/17,500; automatic gain con-
trol¼ 5000; fixed first mass¼ 100m/z, and dynamic
exclusion¼ 15.0 s.

Data processing and database searching

All RAW files were processed using MaxQuant software
(Version 1.4.1.2, Germany) against the UniProt_Mus data-
base. For protein identification, acetylation of lysine and
protein N-termini, and oxidation of methionine were
selected as variable modifications, while the carbamidome-
thylation of cysteine residues was selected as fixed
modification. The search parameters were: Peptide
mass tolerance¼ 10ppm; missed cleavage¼ 4; MS/MS
tolerance¼ 0.02Da; Enzyme¼Trypsin/P; Fixed modifica-
tion¼ carbamidomethylation of cysteine residues;
Variable modification¼ acetylation of lysine and protein
N-termini; and oxidation of methionine. A false discovery
rate � 1% was selected as the threshold of these data for
protein identification.

Validation of MS result with Western blotting

Western blot analysis was conducted as in a previous study
by Safavi et al.22 The lung tissues from each group were
lysed using a RIPA buffer. After centrifugation, the protein
was quantified with a BCA protein assay kit (Beyotime,
Shanghai, China). An equal amount of protein from each
group was separated by 10% SDS-PAGE and subsequently
transferred onto PVDF membranes. Next, the membrane
was blocked with 5% skimmed milk for 2 h at 25�C, and
incubated later with primary antibodies (H3K9ac,
H3K14ac, H3K18ac, H3K27ac, and H3K36ac) (1:1000) over-
night at 4�C. After that, the membranes were incubated
with secondary antibodies for 1 h at 25�C. The membranes
were rinsed thrice with TBST solution before each incuba-
tion with antibodies. Immunoreactive proteins were visu-
alized by using ECL Plus reagent (Solarbio, Beijing, China).
Expression of proteins was quantified using a UVP gel
imaging system (Bio-Rad, USA) and analyzed using Gel-
Pro analyzer.
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Immunohistochemical staining of lung tissue sections

Lung sections from each group were baked for 1 h at 70�C
before deparaffinization and hydration. Then, normal goat
serum was applied to conduct antigen retrieval and block-
age for the sections. The sections were successively incu-
bated with specific primary antibodies (1:50), biotinylated
goat anti-mouse/rabbit IgG polymer, and streptavidin
working solution labeled with horseradish peroxidase iso-
zyme. Afterward, these sections were stained with diami-
nobenzidine and hematoxylin, dehydrated with gradient
alcohol and mounted with neutral balsam. Finally, by coun-
terstaining the lung tissue slides with DAB Substrate Kit
(Thermo Scientific), the localization of histone acetylation
sites including H2BK5ac, H2BK11ac, H2BK16ac,
H2BK20ac, H2BK116ac, H2BK120ac, H3K9ac, H3K14ac,
H3K18ac, H3K27ac, and H3K36ac were observed.

Statistical analysis

The experiments were done at least thrice. All the results
were presented as average� SD (standard deviation). In
this study, all statistical analyses were performed and
graphs were plotted by using GraphPad Prism Software,
Version 7.0 for Windows (GraphPad Software Inc., San
Diego, CA, USA). Between-group comparisons of the

results were made by t-test. The discrepancy was consid-
ered statistically significant at P< 0.05.

Results

Establishment of chronic asthma mouse model

First of all, our study generated an allergic airway inflam-
mation model to mimic asthma. The pulmonary function
test result showed that the airway responsiveness of the
model group significantly increased after 8weeks of OVA
atomization compared to the normal control group
(P< 0.05)(Figure 1(A)). Besides, the concentration of IL-4,
IL-5, IFN-c, and IgE levels in the BALF was measured by
using ELISA. As shown in Figure 1(B), compared to the
control group, the model group had obviously higher IL-4
IL-5, IgE levels and significantly lower IFN-c levels
(P< 0.05) (Figure 1(B)). As depicted in Figure 1(C), the
number of each type of cells (macrophages, eosinophils,
neutrophils, and lymphocytes) in BALF was significantly
lower in the control group compared with the model group
(all P< 0.05). We further investigated the inflammatory
extent of the lung tissues by H&E staining. In the model
group, infiltration of inflammatory cells including eosino-
phils and neutrophils, was observed surrounding the peri-
bronchial and perivascular areas, as well as blood vessels.
We also found the exfoliated airway epithelium, and the

Figure 1. Establishment of chronic asthma mouse model. (a) Mice inhaled increasing doses of acetyl-b-methylcholine chloride (3.125–50mg/ml), and AHR was

measured. (b) The total and differentiated cell count in the BALF. (c) Cytokines (IL-4, IL-5, and IFN-c) and IgE concentration in the BALF. (d) The images of lung sections

with H&E staining (scale bar, 50 lm) and (e) the percentage of inflamed lung area are shown. Note: (a) and (b) represented lung sections of the control and the model

groups, respectively; (a’) and (b’) respectively represented magnification views of the box in (a) and (b). Compared to the asthma group, *P< 0.05. (A color version of

this figure is available in the online journal.)

BAL: bronchoalveolar lavage.
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thickened airway smooth muscle and alveolar septum in
the sections frommodel group (Figure 1(D)). Moreover, the
percentage area of inflammatory infiltration in the model
group was pointedly enlarged when compared with the
control group (Figure 1(E)). These results suggested that
the allergic asthma model was successfully established.

Quantitative proteomic profiling of histone acetylation
in lungs of allergic asthma model

Through the iTRAQ analysis, proteins from mice lungs
with or without asthma were identified. Then the specific
acetyl lysine antibodies were employed to enrich acetylated
peptides, and the peptides were analyzed by LC–MS/MS
(Figure 2(A)). A total of 581 acetylation sites in 335 proteins
were identified, and 351 acetylation sites in 215 proteins
were quantified. The acetylation site was considered to be
significantly changed when its quantitative ratio between
two groups was more than 1.2. We found that 35 acetylation
sites were upregulated, and 33 acetylation sites were
downregulated in lungs of the allergic asthma model
mice (Table 1). In addition, we obtained a total of 39 histone
acetylation sites in the identified 351 acetylation sites, and
15 of these sites were obviously changed in the model
group compared with the control. Among the 15 differen-
tial histone acetylation sites, 13 histone acetylation sites
(H2B1C: K16, K20, K108, K116, K120; H2B1K: K120;
H2B2B: K20; H3: K9, K14, K18, K23, K27, K36) were upre-
gulated while two (H2B1C: K5, K11) were downregulated
(Figure 2(B)). The changed acetylation sites were mainly
located in H2B and H3 histone, while the acetylation sites
in H1, H2A, and H4 were hardly changed (Figure 2(B)).

Western blot validation of histone acetylation site

The relative contents of H3K9ac, H3K14ac, H3K18ac,
H3K27ac, and H3K36ac were detected by western blot to
validate the results of the iTRAQ analysis. The result is
depicted in Figure 3 and showed that the levels of acetyla-
tion in H3K9, H3K14, H3K18, H3K27, and H3K36 sites of
H3 histone from the model group were remarkably higher
than those from the control group (P< 0.05). Such results
showed the same tendency with the results of the iTRAQ
analysis. In addition, the result of western blotting showed
a more significant difference of histone acetylation between
both groups.

Distribution of differentially modified acetylation sites
in the lung tissue of asthmatic mice

To further clarify the role of the differentially expressed
histone acetylation sites in the pathogenesis of asthma,
we further analyzed the expression patterns of the

Figure 2. Quantitative proteomic profiling of histone acetylation in lungs of allergic asthma model. (a) Workflow of quantitative proteomics analysis of histone

acetylation in lung tissues of normal and asthmatic mice. (b) Changes and distribution of histone acetylation sites. (A color version of this figure is available in the online

journal.)

LC-MS/MS: liquid chromatography tandem-mass spectrometry; RPLC: reversed phase liquid chromatography; TMT: tandem mass tag.

Table 1. The result for identification of acetylation sites in lung tissues.

Type of protein

Total

number

of sites

Changed

sites

Upregulated

sites

Downregulated

sites

Total 351 68 35 33

Histone 39 15 13 2

Histone 1 (H1) 1 0 0 0

Histone 2A (H2A) 2 0 0 0

Histone 2B (H2B) 19 9 7 2

Histone 3 (H3) 10 6 6 0

Histone 4 (H4) 7 0 0 0
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identified acetylation sites which included H2BK5ac,
H2BK11ac, H2BK16ac, H2BK20ac, H2BK116ac,
H2BK120ac, H3K9ac, H3K14ac, H3K18ac, H3K27ac, and
H3K36ac by IHC staining. As shown in Figure 4, the expres-
sions of H2BK5ac and H2BK11ac in airway epithelial cells
of normal mice were significantly higher than those of asth-
matic mice. Whether in the normal or model group, the
expression levels of H2BK5ac and H2BK11ac were extreme-
ly low in alveolar cells (Figure 4). Besides, H2BK20ac,
H2BK116ac, H2BK120ac, H3K9ac, H3K18ac, H3K27ac,
and H3K36ac were rarely expressed in lung tissues of
normal group, but showed high expression levels in lung
tissues of the model group. We found that the distribution
of the above overexpressed histone acetylation sites in the
lung tissues was not identical. As depicted in Figure 5,
H2BK20ac, H2BK120ac, and H3K18ac were highly
expressed in the nucleus of airway epithelial cells, while
H2BK116ac were highly expressed in airway epithelial
and vascular smooth muscle cells. Additionally, H3K27ac
was highly expressed in alveolar macrophages and eosino-
phils, and H3K9ac and H3K36ac were highly expressed in

airway epithelial cells, alveolar macrophages, and eosino-
phils. Notably, the expression of H2BK16ac and H3K14ac in
the lung tissue was more widespread, mainly in airway
epithelial cells, alveolar macrophages, eosinophils, perivas-
cular inflammatory cells and airways and vascular smooth
muscle cells (Figures 6 and 7). The distribution of various
histone acetylation expressions has been summarized in
Table 2.

Discussion

Asthma is an airway inflammatory disorder regarding var-
ious cells including airway epithelial cells, eosinophils, and
neutrophils during its pathogenesis. Epidemiological
research showed that asthma is affected by environmental,
genetic as well as epigenetics factors, which suggested that
no single genetic mutation will be causative. It is known
that the central factor of asthma is immunological response
to environmental stimuli. Multiple previous studies
showed that activation of multiple inflammatory genes
and overexpression of inflammatory protein eventually

Figure 3. Verification of identified histone acetylation sites. The acetylation sites H3K9ac, H3K14ac, H3K18ac, H3K27ac, and H3K36ac were verified by performing

western blot experiments for detection of protein expression. Note: Compared to asthma group, *P< 0.05. (A color version of this figure is available in the online

journal.)

Figure 4. Expression of H2BK5ac and H2BK11ac in the lung tissue. Arrows indicate airway epithelial cell. (A color version of this figure is available in the online journal.)
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Figure 5. Expression and localization of H2BK20ac, H2BK116ac, H2BK120ac, H3K9ac, H3K18ac, H3K27ac, and H3K36ac in the lung tissues. (a) nucleus of airway

epithelial cell; (b) airway epithelial cells; (c) vascular smooth muscle cell; (d) macrophage; (e) eosinophil. (A color version of this figure is available in the online journal.)

Figure 6. Expression and localization of H2BK16ac in the lung tissue. (a) Airway epithelial cells; (b) vascular smooth muscle cells; (c) macrophage; (d) eosinophil;

(e) perivascular inflammatory cell; (f) airway smooth muscle cell. (A color version of this figure is available in the online journal.)
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lead to a series of asthma symptoms.23,24 Therefore, gaining
greater insight into the cause of immune deviation and the
function of epigenetics in asthma is crucial. The acetylation
of histones plays an important role in chromatin remodel-
ing and gene expression. There are many potential acetyla-
tion sites in the nucleosome octamers composed of histones
H2A, H2B, H3, and H4. As reported, the acetylation sites
are mainly distributed in H3 and H4, followed by H2A and
H2B.25–27 In a previous study of Scott’s group, researchers
found that histone ratio of deacetylase and histone acetyl-
transferase is relative to the severity of atopic asthmatic
children’s bronchial hyper-responsiveness,28 which hinted
the potential role of histone acetylation in asthma
pathogenesis.

In this study, we established allergic airway inflamma-
tion model to mimic asthma according to previously
described methods.11 Not only the IL-4, IL-5, and IgE
levels, but also the number of eosinophils in BALF of aller-
gic airway inflammation model was observably increased
when compared with that of normal mice. The combination
of these results with those of HE staining suggested that the
model was successfully established. Based on this, the com-
bination of TMT labeling method with tandem mass spec-
trometry was applied to identify the differential expressed
acetylation sites between the control and model groups.
Initially, 581 acetylation sites in proteins were identified,
then 351 of themwere quantified which included 39 histone
acetylation sites. After that, we found that a total of 15 dif-
ferential expressed histone acetylation sites which included
H3K9ac, H3K14ac, H3K18ac, H3K23ac, H3K27ac, H3K36ac,
H2BK5ac, H2BK11ac, H2BK16ac, H2BK20ac, H2BK108ac,
H2BK116ac, H2B1KK120ac, H2B2BK20ac, and
H2BK120ac. As outlined above, all of the identified differ-
entially modified acetylation sites were in histone H2B and
H3, suggesting that histone acetylation in asthma occurred
mainly in H2B and H3 rather than other histones. Several
studies revealed that the changes of H3K9ac and H3K27ac
were associated with air pollution that induced respiratory

disorders.29,30 A previous study conducted by Cui et al.
indicated that the acetylation levels of H3K9ac, H3K14ac,
H3K27ac, and H3K18ac were obviously elevated in asth-
matic lung tissues compared to the control group,31 which
corroborated with our finding. Studies elucidating the roles
of histone H2B in asthma are limited. Despite the correla-
tion of H2BK5ac and asthma has not been demonstrated,
recent data suggested that EMT is regulated by
H2BK5ac,32,33 thus we speculated that H2BK5ac participat-
ed in the pathogenesis of asthma via regulating EMT.
Besides, H2BK20ac and H2BK120ac have been proven a
strong correlation with DNA methylation,34 which hinted
that they may regulate gene expression to affect disease
development.

Subsequently, western blotting was used to validate
some of the differentially modified acetylation sites identi-
fied in proteomics analysis. After that, with the aim of
exploring the role of identified acetylation sites, we per-
formed IHC staining based on the lung tissues of the con-
trol and model groups. Surprisingly, the expressions of
these identified acetylation sites were distributed differen-
tially in lung tissue according to cell types. In airway epi-
thelial cells, the expressions of H3K9ac, H3K14ac, H3K16ac,
H3K36ac, and H2BK116 in the model group were signifi-
cantly higher than the control group, while the expressions
of H2BK5 and H2BK11 showed opposite result. In addition,
the H3K9ac, H3K14ac, H3K16ac, H3K27ac, and H3K36ac
were differentially expressed in alveolar macrophage.
Some studies indicated that H3K9ac and H3K27ac were
involved in the regulation of macrophage polarization,35–
37 which supported the results obtained in this work. We
also found a similar situation in eosinophil. As a central
factor in asthma pathogenesis, eosinophil could be used
as a potential predictor of asthma exacerbation,38–40 and a
previous study revealed that histone hyperacetylation con-
tributes to eosinophilic airway inflammation.41 So we spec-
ulated that the high expressions of H3K9ac, H3K14ac,
H3K16ac, H3K27ac, and H3K36ac in eosinophil may play

Figure 7. Expression and localization of H3K14ac in the lung tissue. (a) airway epithelial cells; (b) vascular smooth muscle cells; (c) macrophage; (d) eosinophil;

(e): perivascular inflammatory cell; (f) airway smooth muscle cell. (A color version of this figure is available in the online journal.)
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a role in asthma exacerbation. Furthermore, the current
study also found the expression of H3K18ac, H2BK20ac,
and H2BK120ac in nucleus of airway epithelial cells.
Similar to our result, Stefanowicz et al. demonstrated that
airway epithelial cells of asthmatic patients exhibited an
elevated H3K18 acetylation rate.12 These findings indicat-
ed that the pathogenesis of asthma is related to various
cells, and the differentially expressed acetylation site in
these cells is likely to be associated with abnormal tran-
scriptional activation in the pathogenesis of asthma.
Nevertheless, more detailed studies need to be conducted
in the future to better understand this phenomenon. Harb
et al. revealed the strong associations of histone acetylation
levels in IFNG, SH2B3, and HDAC4 genes with risk of
allergic sensitization.42 Abbring et al. explored the role
of histone acetylation of Th2 genes by using the
Chromatin Immunoprecipitation analysis.43 Based on
the data of our current study, we speculated the histone
acetylation we identified might have interaction with
epithelial and inflammatory genes involved in asthma
development.

Our study is the first to identify potential differentially
expressed histone acetylation sites associated with asthma
and to explore the distribution of the identified histone
acetylation sites in cells involved in asthma pathogenesis
using iTRAQ combined with LC-MS/MS. However, there
are some limitations in this study. First, we found that
the level of some cytokines as well as the number of
eosinophils in BALF of allergic airway inflammation
model were significantly higher than those of normal
mice, but the factors associated with significant expres-
sion of these cytokines lacked further exploration; since
we found differentially expressed acetylation sites in this
study, we plan to study the effects of these acetylation
sites and other factors such as methylation and abnormal
gene expression on the inflammatory cytokines in asthma
in future studies. Second, although our study identified
the histone acetylation sites associated with pathogenesis
of asthma, which were mainly expressed in airway epi-
thelial cell, alveolar macrophage and eosinophil, their
mechanism on regulating cell functions or gene expres-
sion needs to be further explored. Future studies will
focus on exploring the correlation of these identified his-
tone acetylation sites and asthma-related genes, and con-
firming the regulatory role of these histone acetylation
sites in different types of cells involved in asthma
development.

In conclusion, we identified a total of 15 differentially
expressed histone acetylation sites which included 13
upregulated sites (H3K9ac, H3K14ac, H3K18ac, H3K23ac,
H3K27ac, H3K36ac, H2B1KK120ac, H2B2BK20ac,
H2BK16ac, H2BK20ac, H2BK108ac, H2BK116ac, and
H2BK120ac) and 2 downregulated sites (H2BK5ac and
H2BK11ac), and preliminary explored their differential
expression distribution in different cell types involved in
asthma pathogenesis in the lung tissue. This study
screened out the potential epigenetic target for asthma-
related genes, which may provide a novel point to develop
more specific epigenetic modifying agents for asthma
treatment.

T
a
b
le

2
.
E
x
p
re
s
s
io
n
d
is
tr
ib
u
ti
o
n
o
f
th
e
id
e
n
ti
fi
e
d
h
is
to
n
e
a
c
e
ty
la
ti
o
n
s
it
e
s
.

C
e
ll

ty
p
e

H
is
to
n
e

a
c
e
ty
la
ti
o
n

s
it
e
s

A
ir
w
a
y
e
p
it
h
e
li
a
l

c
e
ll
s

N
u
c
le
u
s
o
f
a
ir
w
a
y

e
p
it
h
e
li
a
l
c
e
ll
s

V
a
s
c
u
la
r
s
m
o
o
th

m
u
s
c
le

c
e
ll
s

A
lv
e
o
la
r

m
a
c
ro
p
h
a
g
e

E
o
s
in
o
p
h
il

P
e
ri
v
a
s
c
u
la
r

in
fl
a
m
m
a
to
ry

c
e
ll
s

A
ir
w
a
y
s
m
o
o
th

m
u
s
c
le

c
e
ll
s

N
o
rm

a
l

M
o
d
e
l

N
o
rm

a
l

M
o
d
e
l

N
o
rm

a
l

M
o
d
e
l

N
o
rm

a
l

M
o
d
e
l

N
o
rm

a
l

M
o
d
e
l

N
o
rm

a
l

M
o
d
e
l

N
o
rm

a
l

M
o
d
e
l

H
2
B
K
5

þ
–

–
–

–
–

–
–

–
–

–
–

–
–

H
2
B
K
1
1

þ
–

–
–

–
–

–
–

–
–

–
–

–
–

H
3
K
1
8

–
–

–
þ

–
–

–
–

–
–

–
–

–
–

H
2
B
K
2
0

–
–

–
þ

–
–

–
–

–
–

–
–

–
–

H
2
B
K
1
2
0

–
–

–
þ

–
–

–
–

–
–

–
–

–
–

H
2
B
K
1
1
6

–
þ

–
–

–
þ

–
–

–
–

–
–

–
–

H
3
K
2
7

–
–

–
–

–
–

–
þ

–
þ

–
–

–
–

H
3
K
9

–
þ

–
–

–
–

–
þ

–
þ

–
–

–
–

H
3
K
3
6

–
þ

–
–

–
–

–
þ

–
þ

–
–

–
–

H
3
K
1
6

–
þ

–
–

–
þ

–
þ

–
þ

–
þ

–
þ

H
3
K
1
4

–
þ

–
–

–
þ

–
þ

–
þ

–
þ

–
þ

Ren et al. Proteomics analysis of histone acetylation in asthma 937
...............................................................................................................................................................



AUTHORS’ CONTRIBUTIONS

YR wrote the manuscript. ML, SB, and LK contributed to anal-
ysis and interpretation of data. SB and LK conducted the
experiments and obtained the data. XS designed the study
and revised the manuscript. All the authors have read and
approved the final version of the submitted manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by the National Natural
Science Foundation of China (grant number 81770021), the
Natural Science Foundation of Liaoning Province (grant
number 201701664) and the postdoctoral program (grant
number 2018M641749).

ORCID iD

Xinming Su https://orcid.org/0000-0003-0053-4793

REFERENCES

1. Moffatt MF, Kabesch M, Liang L, Dixon AL, Strachan D, Heath S,

Depner M, von Berg A, Bufe A, Rietschel E, Heinzmann A, Simma B,

Frischer T, Willis-Owen SA,Wong KC, Illig T, Vogelberg C,Weiland SK,

von Mutius E, Abecasis GR, Farrall M, Gut IG, Lathrop GM, Cookson

WO. Genetic variants regulating ORMDL3 expression contribute to the

risk of childhood asthma. Nature 2007;448:470–3
2. Bannister AJ, Kouzarides T. Regulation of chromatin by histone mod-

ifications. Cell Res 2011;21:381–95
3. Alaskhar Alhamwe B, Khalaila R, Wolf J, von Bülow V, Harb H,
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