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ABSTRACT 

Asthma is a chronic inflammatory disease that has been extensively studied for many years. However, finding a 
complete cure remains a significant challenge. Protein acetylation, especially histone acetylation, plays a signifi-
cant role in the anti-asthma process. Histone deacetylation inhibitors (HDACi) have been shown to have a curative 
effect on asthma in clinical practice. An asthmatic mouse model was created by ovalbumin induction. Proteome 
and acetylproteome analysis were performed on lung tissues. HDACi were tested in the asthmatic mice. A total of 
5346 proteins and 581 acetylation sites were identified, among which 154 proteins and 68 acetylation peptides 
were significantly altered by asthma. Many activated and deactivated processes, pathways, and protein groups 
were identified through bioinformatics analysis. Sequence motif preference analysis gave rise to a novel Kac-
related core histone region, -KAXXK-, which was postulated as a key regulatory unit of histone acetylation. 
Asthma involves a variety of proteome dynamics and is controlled by protein lysine acetylation through the core 
motif -KAXXK-. These findings provide novel avenues to target and treat asthma. 
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INTRODUCTION 

Asthma is a common chronic inflamma-
tory disease that leads to recurrent wheezing, 
shortness of breath, chest tightness, cough, 
and other associated symptoms. One of the 
main pathological features of the asthmatic 
state is hypoxia, followed by airway remodel-
ing and inflammation (Barnes et al., 2005; 
Ahmad et al., 2012). Asthma is associated 
with a variety of inflammatory genes, such as 
cytokines, chemokines, inflammatory media-
tors, and related enzymes (Barnes and Karin, 
1997; Barnes and Adcock, 1998). All of these 

genes differentially contribute to the activa-
tion of cell inflammation. Many of these 
genes are regulated by proinflammatory tran-
scription factors including NF-κB and AP1, 
which activate and amplify inflammatory re-
sponses (Barnes and Adcock, 1998). 

Over the last few decades, several studies 
have established how inflammatory gene pro-
teins, such as histone acetylation and meth-
ylation, are regulated (Ito et al., 2002; Kwon 
et al., 2008). In the case of allergic asthma, 
previous studies have shown that histone acet-
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ylases (HATs) activity will increase and spe-
cific cofactors will be recruited to HATs, thus 
amplifying histone acetylation, enhancing re-
lated gene transcription, and ultimately result-
ing in the cellular inflammation and other 
anti-asthma processes (Barnes et al., 2005; 
Ogryzko et al., 1996; Roth et al., 2001). In 
contrast, histone deacetylase (HDAC) activi-
ties are reduced to keep the chromatin in a hy-
per-acetylated state, which is consistent with 
the recovery process. In recent years, asthma 
therapies targeting HATs and HDACs have 
been developed and clinical trials have shown 
that they have therapeutic effects on asthma 
(Hart et al., 2000; Ito et al., 2000; Barnes, 
2009). 

To study the epigenetic targets of HDACi 
that have anti-tumor potential, we used an 
asthmatic mouse model to profile proteomic 
and acetylproteomic changes. We established 
the asthmatic mice model by induction with 
ovalbumin (OVA) and Al(OH)3 gel. A com-
prehensive analysis of acetylation-regulated 
processes that were induced by allergic 
asthma was performed. Protein sequence mo-
tif analysis revealed a key Kac motif that 
may be involved in OVA induced-asthma. 

 

MATERIALS AND METHODS 

Generation of an asthmatic mouse model 
and drug treatment  

The mouse asthma model was generated 
as previously described (Temelkovski et al., 
1998; Lee et al., 2009). Briefly, specific-path-
ogen-free, female BALB/C mice aged 6-8 
weeks were treated with OVA (20 g/0.2 ml) 
and Al(OH)3 gel (2 mg) on days 1, 8, and 15 
to induce an allergic asthmatic response. In 
the 8 weeks after sensitization, an ultrasonic 
atomization device was used 3 times per week 
to perform OVA atomization stimulation (3 
ml/min, 20 mg/ml) for 30 minutes each time. 
For the control group, mice were treated with 
normal saline (0.2 mL) and Al(OH)3 gel (2 
mg) on days 1, 8, and 15. In the 8 weeks after 
the sensitization, the same ultrasonic atomiza-
tion treatment used for the OVA-treated mice 
was given to the control group. 

Dexamethasone (2.0 mg/kg) (Zhuo Feng 
Pharmaceutical Co., Ltd., Zhengzhou, China) 
(Fu et al., 2014), Tubastatin A Hcl (TSA, 0.5 
mg/kg) (Wang et al., 2014), and PCI-34051 
(0.5 mg/kg) were administered via intraperi-
toneal injection for 30 min before excitation. 
In the control group, normal saline was used 
to replace OVA. All HDAC inhibitors men-
tioned above were purchased from Selleck-
chem, Houston, TX, USA. 

 
Proteomic and acetylproteomic analysis 

The workflow of quantitative proteomic 
and acetylproteomic analysis is provided in 
Supplementary Figure 1. In brief, for the pro-
teomic strategy, mouse lung tissues were har-
vested and ground into powder using liquid 
nitrogen and followed by protein extraction. 
After trypsin digestion and TMT (Tandem 
Mass Tag) labeling, peptide samples from 
both the control and asthma mice were mixed 
at a 1:1 ratio (w/w). Subsequently, HPLC 
fractionation was used to fractionate the pep-
tides. The whole sample was separated into 18 
fractions and sent to LC-MS/MS for quantifi-
cation and bioinformatics analysis was per-
formed. Also, other methods used in this 
study are included in the Supplementary Ma-
terial. 

 

RESULTS 

Identification of asthma associated factors 
using proteomics analysis 

To identify changes in the proteins ex-
pression and signaling pathways associated 
with the asthmatic response, we carried out 
proteomic analyses using an OVA-induced 
allergic asthma mouse model (details in Sup-
plementary Material). 

Overall, we identified 5346 proteins in the 
lung tissues of normal and asthmatic mice, 
and 3397 of them were quantitatively ana-
lyzed by proteomic analysis (Figure 1A, Sup-
plementary Table 1 and 2). The Pearson cor-
relation coefficient showed good repeatability 
of our data (Figure 1B). We used a 1.3 fold 
(asthmatic group/control group) criteria for 

https://www.excli.de/vol19/excli2019-1082_supplementary_material.pdf
https://www.excli.de/vol19/excli2019-1082_supplementary_material.pdf
https://www.excli.de/vol19/excli2019-1082_supplementary_material.pdf
https://www.excli.de/vol19/excli2019-1082_supplementary_material.pdf
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selection and identified 33 up-regulated pro-
teins and 121 down-regulated proteins in the 
asthmatic group. In the acetylproteomic study, 
581 lysine acetylation sites in 335 protein 
groups were identified, among which, 351 
sites in 215 proteins were quantified. When 
setting the alteration of the Kac site to more 
than 1.2 fold (asthmatic group/control group) 
as the screen criteria, 35 up-regulated sites 
and 33 down-regulated sites were obtained 
(Figure 1A). Regulation of acetylation was 
frequently detected in histone proteins. Over-
all, 15 out of 39 (ca. 38.5 %) Kac peptides had 
quantitative changes to histone acetylation 
sites (including the same Kac site in different 
histone variants, Table 1), among which, only 
two Kac sites were significantly down-regu-
lated ( in H2B). Interestingly, all regulated 
lysine acetylation occurred in histone-2B 
(H2B) and H3 (9 out of 19 Kac-site-contain-
ing peptides were changed in H2B, and 6 out 
of 10 Kac peptides were changed in H3, 
~51.7 % acetylation sites changed, Table 1), 
but no acetylation regulation was observed in 
H1, H2A, and H4 (10 quantitative acetylation 
sites in total). Therefore, suggesting a poten-
tial role of acetylation up-regulation in H2A 
and H3 during asthma-related gene regula-
tion. According to UniProt, when combining 
the same Kac sites derived from different his-

tone variants as a single site for non-redun-
dant site analysis, we identified most known 
Kac sites in core histones, and only 5 Kac 
sites were missed (Figure 1C). Furthermore, 6 
novel histone Kac sites were identified for the 
first time, including K96 in H2A, K47, K109, 
K117, and K121 in H2B and K60 in H4. This 
indicates a very good coverage of the core his-
tone Kac sites and provides evidence that the 
histone Kac analysis based on our data is sys-
tematic and comprehensive. We validated the 
alteration of 5 specific Kac sites in histone 
(Figure 2). The Western blot data showed the 
same alteration trend as our mass spectrome-
try (MS) data and indicated that the fold 
change of peptides detected by MS might be 
lower than what was found in this study. 
Therefore, we selected 1.2 fold as the criteria 
of a significant change. 

 
Functional cluster and enrichment analysis 
of proteome and acetylproteome 

To analyze the role of protein acetylation, 
we performed a Gene Ontology (GO) analy-
sis to cluster the regulated and acetylated pro-
teins. Biological process, molecular function, 
and cellular-component-based GO analyses 
were performed and only clusters containing 
more than 3 proteins were chosen for further 
analysis. 

 
 

Table 1: Summary of the protein acetylation sites 

 Total Changed Up Down 

Total 351 68 35 33 

All histones 39 15 13 2 

Histone 1 1 0 0 0 

Histone 2A 2 0 0 0 

Histone 2B 19 9 7 2 

Histone 3 10 6 6 0 

Histone 4 7 0 0 0 

Notes: among 351 total protein acetylation sites in all histones, 68 were changed, which includes 35 
up-regulated sites and 33 down-regulated sites. Each individual histone had corresponding changes. 
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Figure 1: Identification of candidate proteins involved in the asthmatic response. A. Venn dia-
gram of proteomic and acetylproteomic data. B. Pearson correlation coefficient of each replicate. 
C. Kac identification coverage of core histones. Dots stand for Kac sites. Orange, up-regulated Kac 
site. Blue, down-regulated Kac site. Green, other Kac site identified in our study. Gray, known Kac 
site in UniProt knowledge base but not identified in our data. * indicates a novel Kac site according to 
the UniProt knowledgebase. 

 

 
Figure 2: Western blot of histone acetylation on Kac sites. Immunoblots of separated protein 
samples from the lung tissues of mouse asthma models with Kac site specific antibodies. GAPDH 
was used as the loading control. 
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Since only 68 differentially altered acety-
lation sites were detected in our study, which 
may not fully reflect all the processes and 
changes involved in asthma, we divided all 
quantitated acetylation proteins into four 
quantiles according to their quantitation ratio. 
Q1 the 25 % in the lowest-quartile are the 
down-regulated proteins and the highest-
quartile (Q4) are the upregulated proteins, re-
spectively. Q2 and Q3 refer to 25 %-50 % and 
50 %-75 % ratio proteins. A single, regulated 
acetylation protein is only a dot in the path-
way involved. Therefore, it cannot reflect the 
whole regulation trend, but quantile analysis 
can cover more proteins with the same or sim-
ilar function. Thus, it reveals the correspond-
ing regulation in a more persuasive and real-
istic pattern. We used this method to analyze 
the proteomic and acetylproteomic cluster en-
richment of biological process, molecular 
function, cellular component, KEGG path-
way, and protein domain based on quantile 
classification. Many clusters that were identi-
fied have been reported in previous studies 
(Zhang et al., 2009; Quesada Calvo et al., 
2011); however, some novel clusters were 
also connected to the development of asthma 
development at the molecular level. 

In Q1 of regulated proteins, molecular 
function clusters such as oxidoreductase/anti-
oxidant activity and peptidase related activity 
were enriched. In the biological process, pro-
tein clusters such as responses, metabolic/cat-
abolic processes, reactive oxygen species 
(ROS)/peroxide/superoxide related pro-
cesses, and ribosomal related processes were 
enriched. This suggests that certain responses, 
perhaps those related to antigen stimulation, 
were suppressed to reduce the allergic pro-
cess. Superoxide and ROS processes were 
down-regulated possibly because of low oxy-
gen concentrations. Cellular components in-
cluding membrane-related lumen/vesicle, res-
piratory chain, and ribosomal-related compo-
nents were also enriched in Q1 proteins, 
which indicates decreased secretion activity 
and aerobic respiration processes. Protein 
clusters in Q4 were different from those in 
Q1. Molecular functions including RNA-cap 

binding were enriched, revealing mRNA tran-
scription processes in asthma was highly ac-
tive. In biological processes and cellular com-
ponents, adhesion- and junction-related pro-
teins were enriched, which may be related to 
changes in the biological behavior of airway 
epithelial cells and smooth muscle cells in 
asthma. In addition, laminin-related proteins 
were enriched in the protein domain cluster, 
which is in agreement with the previous find-
ing that the extracellular matrix was increased 
in asthmatic patients (Singh et al., 2012; Yick 
et al., 2012). 

 
Motif analysis of acetylation sites in  
asthmatic mouse lungs 

Studies of functional regulation induced 
by Kac alteration is important to understand 
the activated processes and pathways in the 
asthmatic response. Clinical practice has ver-
ified that HDACi play a significant role in 
asthma treatment. To find the active corre-
sponding HATs or HDACs under asthmatic 
conditions, we used a motif analysis to con-
clude the principal structure or sequence trend 
of amino acids distributed around Kac sites 
(Figure 3). The analysis of amino acid fre-
quencies shows that F, H, and Y residues are 
more likely to exist around the Kac site. Fur-
thermore, A, L, C, and S residues are more 
likely to be absent. In addition, K is strongly 
associated with positions -5, +4, and +5 
around the Kac site and is absent at positions 
-1 and -2 site around lysine Kac sites. Moreo-
ver, amino acid frequency around R is similar 
to that around K (Figure 3A). The analysis of 
motif sequences (Figure 3B) found that the 
sequences XXXXXXXXXKXXXKXXXX-
XX (one X stands for one amino acid), 
XXXXXXXXXXKYXXXXXXXXX, and 
XXXXXXXXXXKHXXXXXXXXX had 
the highest score, which indicates that these 
amino acids existed more frequently. In addi-
tion, XXXXXXXXXFKXXXXXXXXXX, 
XXXXXXXXXXKFXXXXXXXXX, and 
XXXXXXXXXXKXXXRXXXXXX were 
also highly frequent sequences. This result 
suggests that these amino acid sequences 
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were probably the preferred amino acid se-
quences for HATs and HDACs in the selec-
tion of their substrates. After analyzing his-
tone lysine acetylation, we found a strong 
structural preference for up-regulated Kac 
sites (Figure 3C). In 2B, most up-regulated 
Kac sites were located either side of the -KA-
VTK- motif. In H3, up-regulated Kac sites 
were located either side of the -KAPRK- 
or -KAARK- motif. Overall, we found that 
the up-regulated expression of related genes 
in asthma was probably related to the in-
creased acetylation of the amino acid se-
quence -KAXXK- on histone. 

Histone Kac site variance determines 
asthma treatment 

Our data were compared to a previous 
study (Scholz et al., 2015) that established the 
influence of HDACi on histone Kac sites. 
This provided functional validation of our 
data and revealed the relationship between 
HDACi, HDAC, and histone Kac sites (Table 
2). 

Over the past few years, many studies 
have investigated HDAC deactivation in-
duced by HDACi to develop a treatment for 
allergic asthma. However, the specific histone 
Kac sites that are affected by HDACi treat-
ment and also the naive target for HDAC-
based cures remains unknown. Fortunately, 
Chunaram's group used a meta-analysis to re-
veal the effect of 19 common HDACi on acet-
ylation sites of histones, which provided an 
excellent database for our current analysis 
(Scholz et al., 2015). We defined a value of 
histone Kac site variance, to assess the differ-
ence between the up-regulated Kac sites in 
our data and Kac sites influenced by HDACi. 
For example, in our study, TSA influenced 
most up-regulated Kac sites except from two 
sites; therefore, the histone Kac site variance 
was 2. Based on this setting, we hypothesized 
that HDACi with less variance were more 
likely to enhance the recovery processes in al-
lergic asthma. After a summary of the current 
information or application of mentioned  
 

 
Figure 3: Motif analysis of acetylproteomic data. A. Sequence distribution preference of Kac sites. 
Red indicates high frequencies and green indicates low frequencies of specific amino acids. B. 
The most frequent motif sequences identified in our data. C. All motif sequences of up-regulated Kac 
sites identified in our study revealed a strong histone Kac motif preference in mouse asthma models.
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HDACi listed in Table 2, we get the following 
novel findings: (1) all HDACi with variance 
of 2 or less were involved in asthma-related 
processes (Yamamoto et al., 1996; Choi et al., 
2005; Han et al., 2007; Banerjee et al., 2012; 
Royce et al., 2012; Royce and Karagiannis, 
2012; Morschhauser et al., 2015). Moreover, 
all of these HDACi shared the same target 
with HDAC 1-3, 2) HDACi with variance be-
tween 3 and 5 had a target preference that only 
HDACi with HDAC 1-3 inhibitor activity are 
associated with the treatment of asthma 
(Scholz et al., 2015; Royce and Karagiannis, 
2012; Prince and Prince, 2009), and 3) with 
increased variance, HDACi regain their 
asthma-treating ability regardless of their tar-
gets (Kim et al., 2010; Sutcliffe et al., 2012; 
Bosnar et al., 2013). These findings suggest 
that HDAC 1-3 are the key regulatory groups 
in asthmatic processes. 
 
Reduced asthmatic response by acetylation 
inhibitors 

To validate our assumption, we selected 
two HDACi, TSA and PCI-34051, which are 

commercial drugs for the treatment of asthma. 
According to our comparison, TSA only has 
a histone Kac site variance of 2 and PCI-
34051 has more than 6. The former is pro-
posed to promote the recovery process 
through regulation of a specific histone motif 
(-KAXXK-). Furthermore, dexamethasone 
(DXM) was used as a positive control to indi-
cate the efficacy of the selected HDACi. First, 
a series of pathological features including air-
way resistance, collagen deposition under the 
epithelium, and alpha-SMA (α-smooth mus-
cle actin) alteration were examined in five 
groups consisting of the control group, the 
asthma group, DXM-treated asthma group, 
TSA-treated asthma group, and PCI-34051-
treated asthma group (Figure 4). The results 
showed airway resistance was increased in the 
asthma group but it was reduced by DXM, 
TSA, and PCI-34051 treatment. Among these 
three drugs, TSA appeared to have better ef-
ficacy than DXM and PCI-34051; however, 
this was not statistically significant. Similarly, 
collagen deposition and alpha-SMA staining 

 
Table 2: Histone Kac site variance between previous work and our data 

Variance from 
our data 

HDACi Target Relationship to asthma 

Histone Kac 
site variance  
< 2 
 

Apicidin HDAC 1-4 Hypoxia related revascularization 
TSA HDAC 1-10 Involved in asthma treatment  
PCI24781 HDAC 1-10 Involved in lymphocytoma treatment 
SAHA HDAC 1-10 Involved in asthma treatment  
NaB HDAC 1,2,3,8 Involved in asthma treatment 
PXD101 HDAC 1-10 Involved in lymphocytoma treatment 

Histone Kac 
site variance 
between 3~5 

MGCD0103 HDAC 1,2,3,11 Potentially involved in asthma treatment 
MS275 HDAC 1,2,3 Involved in asthma treatment 
LBH589 HDAC 1-10 Involved in lymphocytoma treatment 
VPA HDAC 1,2,3 Involved in asthma treatment 
Bufexamac HDAC 6,10 Potentially involved in asthma treatment 
Tubacin HDAC 6 Not enough information 
Pandacostat HDAC 1-10 Not enough information 
JQ12 HDAC 1,2 Not enough information 
CI.994 HDAC 1 Not enough information 

Histone Kac 
site variance 
> 6 

Nicotinamide Sirt1-7 Involved in asthma treatment 
Sirtinol Sirt1,2 Potentially involved in asthma treatment 
Tenovin-6 Sirt1,2,3 No direct relation
PCI34051 HDAC 8 Involved in asthma treatment 

Histone Kac site variance means that the site quantity variance between up-regulated Kac in our 
data and Kac influenced by the corresponding HDACi. For example, TSA can influence most of the 
Kac sites that were upregulated in our study except from two Kac; therefore, the histone Kac site 
variance is 2. All HDACi data are derived from Christian Scholz’s work (Scholz et al., 2015).



EXCLI Journal 2020;19:734-744 – ISSN 1611-2156 
Received: March 09, 2020, accepted: May 25, 2020, published: June 04, 2020 

 

 

741 

were induced by asthma and decreased by 
drug treatments (Figure 4 and 5).  

Finally, we examined the inflammation 
features using cell infiltration and Periodic 
acid-Schiff (PAS) staining (Figure 5). PAS 
stains glycoproteins and so can be used to dis-
criminate between different forms of intersti-
tial lung disease (Hauber and Zabel, 2009). 
As shown in Figure 6, inflammation was in-
duced in asthmatic mice and all drug treat-
ments relieved this pathological response. 

CONCLUSION 

In this study, we integrated Kac site en-
richment, and an MS-based quantitative pro-
teomic strategy to study the proteomic and 
acetylproteomic changes in the asthmatic lung 
tissues of mice. GO analysis and  correspond-
ing enrichment analysis were performed to > 
cluster the activated and deactivated protein 
groups, processes, pathways, to conclude dy-
namic change principles, and to reveal the re- 

 
Figure 4: Validation of HDACi in airway resistance, collagen deposition in the sub-epithelium, 
and alpha-SMA alteration. A. The airway resistance assay. Comparison of enhanced pause (Penh 
values) upon stimulation of various concentrations of methacholine (MCh). Data are presented as mean 
± SD at different concentrations of MCh for each group (n=8). p<0.05 indicated the Penh values in-
creased with increasing concentrations of MCh for each group (all p-values <0.001). p<0.05, compared 
with the normal control group (marked as *), or the asthma group (marked as #). B & C. The collagen 
deposition assay and its statistical significance. The ratio of collagen deposition area around the airway 
and the circumference of the airway was detected by Masson staining. D & E. The alpha-SMA alteration 
assay and its statistical significance. Significant differences were identified using a one-way ANOVA. 
In pane C and E, p<0.05 indicates a significant difference from the control (*), asthmatic (#), or DXM 
groups (&). 
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Figure 5: Anti-inflammatory effect of HDACi in 
t asthmatic lung tissues. A. HE staining shows 
infiltration of the inflammatory cells. B & C, the 
PAS staining assay and its statistical significance. 
Percentages of PAS positive cells in airway epi-
thelium in each group are presented here as 
means ± SD (n=6). p<0.05 indicates a significant 
difference from the control (*), asthmatic (#), or 
the DXM groups (&). 

 
 

lationships between clinical symptoms and 
molecular changes. Furthermore, a motif se-
quence preference of Kac sites in asthmatic 
lungs was performed through motif analysis, 
and a novel Kac-related core histone mo-
tif -KAXXK- was discovered as the target 
against asthma. Thus, this suggests that  
-KAXXK- is the key motif and its acetylation 
is responsible for anti-asthmatic processes 

and controls the expression of the correspond-
ing genes. The corresponding genes are in-
volved in subsequent anti-asthmatic pro-
cesses and recovery from the disease. 

Our acetylproteomic study suggested that 
most up-regulated histone Kac sites occurred 
in the –KAXXK- domain. Many known 
HDACi drugs for asthma treatment can in-
crease histone Kac sites or acetylation of the 
–KAXXK– domain. Therefore, one of the 
anti-asthmatic mechanisms in the lungs of 
mouse models might be the acetylation of the 
histone –KAXXK– domain, which can also 
be achieved by deactivation of HDACs 1-3. 

In addition to identifying biomarkers, we 
also identified Kac-induced activation of 
gene transcription and protein-expression-re-
lated clusters including nucleosome, chroma-
tin-involved biological processes (BP, Q4), 
cellular components such as chromosome; nu-
cleus (CC, Q4), and histone-related structures 
(Q4). These changes are involved in anti-asth-
matic responses through the regulation of pro-
tein expression regulation. Moreover, cellular 
component organization (BP, Q4) and protein 
dimerization (MF, Q4) suggest that the organ-
ism strengthens the component and protein or-
ganization under asthmatic conditions to en-
hance many corresponding processes. As a re-
sult, the process of cell death (BP, Q1) was 
inactivated, which suggests that cells were re-
covering from asthma. 
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Figure 6: -KAXXK- as a key Kac motif in anti-asthmatic processes. Through altering gene expres-
sion, acetylation of –KAXXK- reduces the activity of the immune system and activates anti-asthmatic 
process. Current HDACi drugs targeting the histone -KAXXK- motif may also function through a similar 
mechanism. 
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