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Abstract
Purpose of Review Chronic rhinosinusitis with nasal polyps (CRSwNP) is a common and heterogeneous inflammatory disease.
The underlying epigenetic mechanisms and treatment of CRSwNP are partially understood. Of the different epigenetic changes
in CRSwNP, histone deacetylases (HDACs), methylation of DNA, and the levels of miRNA are widely studied. Here, we review
the human studies of epigenetic mechanisms in CRSwNP.
Recent Findings The promoters of COL18A1, PTGES, PLAT, and TSLP genes are hypermethylated in CRSwNP compared
with those of controls, while the promoters of PGDS, ALOX5AP, LTB4R, IL-8, and FZD5 genes are hypomethylated in
CRSwNP. Promoter hypermethylation suppresses the gene expression, while promoter hypomethylation increases the gene
expression. Studies have shown the elevation in the levels of HDAC2, HDAC4, and H3K4me3 in CRSwNP. In CRSwNP
patients, there is also an upregulation of certain miRNAs including miR-125b, miR-155, miR-19a, miR-142-3p, and miR-21 and
downregulation of miR-4492. Epigenetics takes part in the immunology of CRSwNP and may give rise to endotypes of
CRSwNP. Both HDAC2 and the miRNA including miR-18a, miR-124a, and miR-142-3p may take function in the regulation
of glucocorticoid resistance. HDAC inhibitors and KDM2B have shown effectiveness in decreasing nasal polyp, and DNA
methyltransferase (DNMT) or HDAC inhibitors may have a potential efficacy for the treatment of CRSwNP.
Summary Recent advances in the epigenetics of CRSwNP have led to the identification of several potential therapeutic targets for
this disease. The use of epigenetics may provide novel and effective biomarkers and therapies for the treatment of nasal polyp.

Keywords Chronic rhinosinusitis with nasal polyps (CRSwNP) . Nasal polyp . Epigenetics . Methylation . Histone deacetylase
(HDAC) . miRNA

Introduction

Chronic rhinosinusitis (CRS) is an increasingly important
medical problem with significant adverse impact on patient
quality of life and the current therapies often prove inade-
quate. For the purposes of evaluating and treating these pa-
tients, current recommendations divide CRS into two subsets
defined by the presence or absence of nasal polyps (NPs):
CRS with NP (CRSwNP) and CRS without NP (CRSsNP)
[1•]. The prevalence of nasal polyps was 2.7% (95% confi-
dence interval, 1.9–3.5), and polyps were more frequent in
men (2.2 to 1), the elderly (5% at ≥ 60 years of age), and

asthmatics [2]. While nasal polyps are observed in a variety
of clinical conditions including cystic fibrosis and malignan-
cy, they are benign and typically develop bilaterally in the
sinonasal cavity. Clinically, patients with CRSwNP have
shown poor response to medical management and high post-
operative recurrence because of NP regrowth [3, 4], and it is
frequently associated with bronchial asthma [5–7]. Both ge-
netic and environmental factors are believed to contribute to
the pathogenesis of CRS. Epigenetics has recently become
one of the most promising and expanding fields to unravel
the gene expression pattern in several diseases. The most
well-studied example is cancer, but other diseases like asthma,
allergic rhinitis, inflammation-associated diseases such as
lung injury, autoimmune disease, and type 2 diabetes display
epigenetic regulation during their occurrence. CRSwNP for-
mation is also identified as closely related to epigenetic pro-
cesses. Epigenetic modification is essential for regulating
tissue- and stage-specific gene expression during growth and
development, and can serve as a mediator of gene environ-
ment interactions in the pathogenesis and progression of
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disease [8]. Gene expression patterns are strongly influenced
by epigenetic changes, including DNA methylation, histone
acetylation, and chromatin remodeling [9].

Basics of Epigenetics

DNA Methylation

Mammalian DNA methylation (the presence of 5-
methylcytosine, 5mC) has important functions in a lot of bio-
logical processes, including genomic imprinting, cell fate de-
termination, chromatin architecture organization, and regula-
tion of gene expression [10–12]. More than half of the genes
in vertebrate genomes contain short (approximately 1 kb)
CpG-rich regions known as CpG islands (CGIs), and the rest
of the genome lacks for CpGs. Gene regulation by 5mC was
initially studied by analyzing CGIs. The presence of 5mC at
CGI is usually related with inhibiting gene expression; how-
ever, the underlying mechanisms are not necessarily identical
at gene promoters, gene bodies, or repeated sequences [13•].
Aberrant DNA methylation changes are linked with many
human diseases, particularly with cancer. Recent studies
showed that DNA methylation gave rise to the pathogenesis
of airway allergic inflammation such as bronchial asthma [14,
15], aspirin-tolerant asthma [16], and allergic rhinitis (AR)
[17]. Cardenas et al. reported that the nasal DNA methylation
was a sensitive biomarker of asthma, allergic rhinitis, and
airway inflammation [18].

Histone Modifications

Histones are the main proteins forming the DNA-protein com-
plex chromatin. This close association with DNA is essential
for providing genomic stability and regulation of gene expres-
sion. Regulation of histone function through post-translational
modifications is another key epigenetic mechanism. Multiple
enzymes are involved in histone modifications; however, they
can be divided into two main categories, histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs). Both
HATs and HDACs are subdivided based on their location
and specificity. A simple model for understanding the role
of HATs and HDACs in histone modifications is their oppos-
ing effect on lysine acetylation. Due to their stabilizing effect
on the chromatin architecture following reversal of lysine
acetylation, HDACs act as transcriptional repressors [19]. In
addition to acetylation, histone phosphorylation and methyla-
tion are complementary mechanisms involved in the regula-
tion of gene expression. Histone core phosphorylation regu-
lates DNA accessibility through nucleosome unwrapping
[20], and histone methylation, controlled by multiple methyl-
transferases and demethylases, results in the addition and re-
moval of methyl groups leading to dynamic changes in these

proteins affecting their role in the regulation of gene function.
Importantly, DNA methylation affects histone methylation
and vice-versa [21, 22]. There are several known mechanisms
of epigenetic regulation, of which DNA methylation and his-
tone modifications are the best understood to date (Fig. 1).

Non-coding RNAs

Non-coding RNAs (ncRNAs) are classified into four well-
characterized forms: microRNAs (miRNAs), small interfering
RNAs (siRNAs), Piwi-interacting RNAs (piRNAs), and long
non-coding RNAs (lncRNAs) [23]. miRNAs are short non-
coding RNA molecules containing approximately 22 nucleo-
tides that negatively regulate gene expression through
interacting with the 3′-UTR (untranslated regions) of mRNA
(messenger RNA) which results in the degradation of mRNA
or repression of protein translation [24, 25]. Themain function
of piRNA was to protect the integrity of germ cell genome by
silencing mRNA of transposable elements, which can inter-
rupt the genome by insertion or transposition [26]. Additional
roles of piRNA are their involvement in genome rearrange-
ment and epigenetic programming [27]. siRNAs, which
downregulate gene expression guided by sequence comple-
mentarity, can be used therapeutically to block the synthesis
of disease-causing proteins [28]. Despite their classification
under the ncRNA label, small and large ncRNAs are diverse
and exhibit specific behaviors that characterize their function.

Evidences Revealing the Changes of DNA Methylation
in CRSwNP

CRSwNP is a complex, multifactorial disease that involves mul-
tiple genetic, immunological, environmental, and mucosal fac-
tors, but its etiology remains unclear. Many potential contribut-
ing factors have been identified, including allergic responses,
impaired mucociliary clearance, immune dysfunction, impaired
epithelial defense, microbes, and environmental exposure [29].
Nevertheless, further research is needed to determine the role of
genetic factors and their interaction with these contributing fac-
tors in the pathophysiology of CRSwNP.

The majority of human studies of epigenetic mechanisms in
nasal polyp have concentrated in DNA methylation differences
between nasal polyps and normal tissues with gene chip
methods. These studies have revealed the methylation changes
in CRSwNP. Zheng et al. screened the COL18A1 gene with
methylation microarray. The methylation frequency of
COL18A1 was significantly higher in NPs than in inferior tur-
binate mucosa samples [30]. COL18A1 encodes the type XVIII
collagen α chain which constitutes endostatin. Endostatin can
inhibit endothelial cell proliferation and angiogenesis.
Methylation changes in COL18A1may influence the production
of endostatin. Suzaki et al. found that recombinant endostatin
could prevent the development of asthma features in a mouse
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model [31]. So COL18A1 might play an important role in the
formation and development of CRSwNP. Kim et al. found that
the promoter regions of 10 and 30 genes were hypermethylated
and hypomethylated, respectively, inNP samples comparedwith
controls [32]. The genes of KRT19, NR2F2, and ADAMTS1
were hypomethylated in CRSwNP, and their mRNA expres-
sions were verified higher than normal tissues. This represents
the direct involvement of a translational regulationmechanism in
polyp formation. Moreover, differential methylation patterns
were detected in nasal polyp tissue from patients with aspirin-
intolerant asthma. Hypermethylation was detected at 332 loci in
296 genes, while hypomethylation was detected at 158 loci in
141 genes. In the arachidonate pathway, LTB4R, ALOX5AP,
and PGDS were hypomethylated, whereas PTGES was
hypermethylated [16]. The genes and pathways identified in this
study may be attractive targets for further study.

NPs are associated with eosinophilic-dominant inflammation
and the presence of Th2 cytokines, which is also observed in
CRS with asthma and AR [33, 34]. Studies showed that Th2
cytokine negatively regulated the tissue-type plasminogen acti-
vator (t-PA; gene name PLAT) gene expression in cultured air-
way epithelial cells [35]. Kidoguchi et al. found that hyperme-
thylation of the proximal PLAT promoter may lead to decreased
gene expression levels in NP, leading to excessive fibrin

deposition by insufficient plasmin activation [36]. Infiltration
of the sinus mucosa with inflammatory cells is a hallmark of
CRS, with IL-8 released by airway epithelial cells in response
to inflammatory stimuli possibly playing an important role in
attracting neutrophils to the site of inflammation [37]. Indeed,
increased IL-8 levels have been detected in significantly greater
amounts in nasal mucosa of patients with CRS versus healthy
control subjects [38]. Patients with CRSwNP have a more sig-
nificant decrease of DNAmethylation of 3 CpG sites in the IL-8
proximal promoter than both patients with CRSsNP and control
subjects. The level of hypomethylation of IL-8 proximal promot-
er CpG sites is associated with tissue IL-8 protein expression and
granulocyte activation [39]. Thymic stromal lymphopoietin
(TSLP) is an IL-7-like and epithelial cell–derived cytokine that
is commonly recognized as a driver of TH2 responses. TSLP
stimulates dendritic cells (DCs) to induce naive CD4+ T cell
differentiation into TH2 cells and cytokine production [40], indi-
cating that TSLP plays an important role in allergic and immune
disorders. While one study has demonstrated significant overex-
pression of TSLP mRNA in NP tissues from CRSwNP patients
compared to nasal mucosa from CRSsNP and control subjects
[41], another study has shown that the numbers of
immunohistochemically stained TSLP+ nasal epithelial cells
were significantly increased in NP tissues from atopic subjects

Fig. 1 Overview of mechanisms involved in epigenetic regulation of
gene expression. There are several epigenetic mechanisms that regulate
gene expression during development and in response to environmental
and other factors. DNA methylation suppresses (downregulates) gene
expression. Histone modification can occur via different pathways that

lead to different effects (e.g., histone acetylation facilitates gene expres-
sion). A third group of mechanisms, post-translational RNA modifica-
tion, is not pictured here for clarity. Modified from the US National
Institutes of Health (https://commonfund.nih.gov/epigenomics/figure)
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compared to non-atopic subjects and also strongly correlated
with the number of tissue eosinophils and IgE levels in NP tissue
[42•]. Li et al. found that increased DNA methylation at the
TSLP locus is likely to be associated with CRSwNP pathogen-
esis; however, these findings need to be confirmed inmulticenter
studies with larger age-matched cohorts [43]. Nasal polyps and
eosinophil/non-eosinophil counts are reported to be directly cor-
related. FZD5 is a receptor for Wnt5A, and its complex with
Wnt5A contributes to activating inflammation and tissue modi-
fication. Kim et al. found that FZD5 expression was significantly
higher in nasal polyp samples from patients with eosinophilic
CRSwNP (E-CRSwNP) than in those from patients with non-
eosinophilic CRSwNP, as indicated by immunohistochemistry.
The FZD5 gene was hypomethylated in the E-CRSwNP tissues
as compared with the controls [44].

Bacteria can affect the transcriptional program of host cells
by influencing DNAmethylation [45]. Staphylococcus aureus
(S. aureus) is associated with CRSwNP, atopic dermatitis, and
allergic rhinitis [46]. S. aureus could disrupt immunologic and
mechanical barrier by promoting defective mucociliary clear-
ance. S. aureus could promote nasal polyp formation,
prolonged inflammation, and bacterial imbalance. The nasal
polyp stimulated by S. aureus enterotoxin B (SEB) may have
resulted in hypermethylation rather than in hypomethylation,
and the methylation changes mainly took place at intragenic
regions. The genes of CTSLL2,Y_RNA and AC022026.3
showed hypermethylations at promoter regions [47•]. These
studies suggest superantigens may lead to DNA methylation
resulting in some gene expression changes in the nasal muco-
sa. Gene promoter hypermethylation or hypomethylation
plays an essential role in nasal polyp through maintaining of
inflammation via epigenetic control of gene expression. Some
genes are hypermethylated, and some other genes are
hypomethylated in the nasal polyps compared with that of
normal tissues (Table 1). The analysis of methylation changes
has the potential to assist in the detection, management, and
possible prevention of nasal polyp as diagnostic tools.

HDAC2, HDAC4, and H3K4me3 Maybe the Target in
the Treatment of CRSwNP

Similar to DNA methylation, histone modifications do not
affect DNA nucleotide sequence but can modify its availabil-
ity to the transcriptional machinery. Histone acetylation,
which is a type of chromatin modification, is regulated by
HAT and HDAC. Histone acetylation by HAT is generally
associated with increased transcription. In contrast,
deacetylation of histones by HDAC is associated with tran-
scriptional repression [48, 49]. HDACs have been divided into
four classes based on their homology with yeast proteins [50].
Class I HDACs, which are homologous to the yeast protein
RPD3 and expressed in all human cell lines and tissues, in-
clude HDAC 1, 2, 3, and 8 that have a nuclear localization [51,
52]. Class II can be subdivided into two subclasses: IIa
(HDAC 4, 7, and 9) and IIb (HDAC 6 and 10). Class II ex-
hibits tissue-specific expression and can shuttle between the
nucleus and cytoplasm, which suggests that this class of
HDACs is involved in acetylation of non-histone proteins
[51]. Class I and class II HDACs are inhibited by trichostatin
A (TSA). Class III HDACs, or sirtuins (SIRT1-7), are homol-
ogous with the yeast SIRT2 family of proteins [53]. The loca-
tion and pattern of tissue-specific expression of this class are
unknown [54–56]. HDAC11, the only member of class IV, is
homologous to both class I and class II HDACs [57]. The
varieties of HDACs reflect diversification of functions in dif-
ferent tissues and biological processes [58].

TSA is an inhibitor of HDAC which could suppress
TGF-βl-induced extracellular matrix (ECM) expression in
kidney [59], cornea [60], and lung [61] fibrosis. In nasal
polyp tissues, expression levels of a-SMA, fibronectin, and
collagen type I RNA transcripts and proteins were increased
by TGF-βl treatment. Cho et al. found that TSA could re-
verse the effect of TGF-βl on RNA and protein expression
levels by reducing HDAC2 and HDAC4 [62•]. TSA could
not only reduce airway inflammation but also decrease the

Table 1 The genes that were hypermethylated or hypomethylated in the nasal polyps compared with control tissues

Phenotype Hypermethylated genes Hypomethylated genes Reference

Nasal polyp COL18A1 [30]

Nasal polyp RP1, ESPN, MAP6, MPND, SKA1,
STAMBPL1, ARHGAP31, ARHGAP31-AS1,
PTGER4, ZNF222

RP11-120J1.1, RUFY(4-16), DMRT3, NR2E1, PTPN3, OSTM1,
AMN, SEPT10, ZNF609, FAM196A, KRT19, PDE3A,
TMEM132E, ANKRD18A, NR2F2, ROBO2, ADAMTS1,
SLC18A3

[32]

Nasal polyp
(AERD)

PTGES PGDS, ALOX5AP, LTB4R [16]

Nasal polyp PLAT [36]

Nasal polyp IL-8 [39]

Nasal polyp TSLP [43]

Eosinophilic
CRSwNP

FZD5 [44]

    1 Page 4 of 13 Curr Allergy Asthma Rep            (2021) 21:1 



expression of IL-4, IL-5, and TGF-βl [63], while IL-4, IL-5,
and TGF-βl can give rise to the formation of CRSwNP.
These results suggest that TSA plays a role in the inhibition
of nasal polyp development and has clinical advantages for
the treatment of CRSwNP. HDAC2 is expressed in airway
epithelium and plays a pivotal role in inflammatory cells.
However, the role of HDAC2 in allergic airway inflamma-
tion remains poorly understood. Lai et al. found that
HDAC2 gene silencing further enhanced inflammatory cy-
tokines in human bronchial epithelial cells [64]. HDAC2
overexpression could restore the enhanced inflammatory cy-
tokines. It suggests that activation of HDAC2 could prevent
the development of allergic airway inflammation. The effect
of HDAC2 in nasal polyp is different from that of other
diseases like asthma. The research results are controversial.
The use of HDAC inhibitors has yielded conflicting results,
with some studies showing anti-inflammatory effects and
others pointing to enhanced inflammation, thus requiring
further investigation of the use of this treatment [65, 66].
So the study of HDAC2 effect in nasal polyp needs to be
further explored. HDAC4 may take a particular role in the
allergy diseases. Activation of AMPK modulates miR-206/
HDAC4/cyclin D1 signaling pathway to suppress smooth
muscle cell (ASMC) proliferation [67]. Targeting on
HDAC4 has a potential value in the prevention and treat-
ment of asthma by alleviating airway remodeling. Studies
showed that hsa-miR-20a-5p could attenuate allergic inflam-
mation in HMC-1 cells by targeting HDAC4 [68]. Histone
methylation may either activate or inhibit the expression of
downstream genes, depending on the site and degree of
methylation [69]. Histone H3 lysine 4 (H3K4) methylation
refers to the modification occurring at the fourth lysine res-
idue from the N-terminus of histone H3. H3K4 methylation
is associated with transcriptional activation and elongation.
The fourth lysine residues of histone H3 can be mono-
methylated (H3K4me1), di-methylated (H3K4me2), and tri-
methylated (H3K4me3), which greatly enhances the diversi-
ty of the regulatory function of histone methylation [70].
Studies showed that H3K4me3 expression was increased in
nasal polyp samples compared with inferior turbinate sam-
ples, suggesting that histone methylation may play an im-
portant role in control of nasal epithelia. H3K4me3 expres-
sion markedly declined with MLL1 reduction [71]. MLL1
may be a potential therapeutic target for nasal inflammatory
diseases. KDM2B could bind to the promoters of
p15INK4B, p16INK4A, and p57KIP2 and thereby reduced
the H3K4me3 and H3K36me2 levels [72]. KDM2B and
transcriptional regulator Brg1 were significantly decreased
in nasal mucosa of CRSwNP patients, and they were posi-
tively correlated [73•]. KDM2B may have an inhibitory ef-
fect on the development of CRSwNP nasal mucosal epithe-
lial inflammation through the regulation of H3K4me3,
which needs to be further verified.

CRSwNP Is Associated with the Changes in the Levels
of microRNA

microRNAs (miRNAs), a group of endogenous non-coding
RNAs with highly conserved sequences [74], play a role in
regulating gene expression by specifically binding to the 3′-
untranslated region base sequence of target messenger RNAs
(mRNAs) [75]. miRNAs are deeply involved in the regulation
of normal and pathologic cellular responses [76]. Specific
miRNA profiles were demonstrated in CRSwNP. In a
miRNA microarray chip analysis–based study, Xuan et al.
found that five upregulated miRNAs, including miR-210-5p,
miR-3178, miR-585-3p, miR-3146, and miR-320e, and 19
downregulated miRNAs, including miR-32-3p, miR-1299,
miR-3196, miR-3924, and miR-548e-3p, were differentially
expressed in tissues of CRSwNP versus controls [77].
Another study showed that miR-125b and miR-155 were sig-
nificantly upregulated while miR-92a, miR-26b, and miR-
181b were downregulated in CRSwNP patients compared
with that of CRSsNP [78].

Apart from the studies showing the widespread changes in
miRNA expression, scientists have also focused on individual
miRNAs to delineate their specific role in CRSwNP. The
immune regulatory cells mainly include regulatory T cells
and regulatory B cells [79, 80]. Some subfractions of dendritic
cells (DCs) also have an immune regulatory function. IL-10
and transforming growth factor-β are the main immune regu-
latory mediators [81]. Studies showed that the IL-10 expres-
sion in peripheral DC was significantly lower in polyp pa-
tients, and the levels of miR-19a were markedly higher in
DCs in the polyp group [82]. Exposure to recombinant IL-4
suppressed the IL-10 expression in DCs, which was abolished
by knocking down the miR-19a gene in DCs. It indicated that
miR-19a might play a critical role in the suppression of IL-10
in peripheral DCs, which may be a target in the immune ther-
apy for nasal polyp. Eosinophilic chronic rhinosinusitis (CRS)
with nasal polyps (CRSwNP) represents a hard-to-treat sub-
type of CRS. An important role of miR-125b has also been
delineated as its increased levels have been detected in eosin-
ophilic CRSwNP. The expression of miR-125b has been
found in a diversity of organs including the trachea [83].
Overexpression of miR-125b in BEAS-2B cells may result
in a downregulation of 4E-BP1 protein expression, but no
change in 4E-BP1 mRNA expression. Consistently,
miR125b inhibitor could increase 4E-BP1 protein expression
without changing mRNA levels in HBECs. Studies showed
that 4E-BP1 protein expression negatively correlated with
miR-125b expression, indicating a link between miR-125b
and 4E-BP1 in eosinophilic CRSwNP. Knockdown of 4E-
BP1 can enhance virus evoked type I IFN production through
increasing IRF-7 expression in mouse embryonic fibroblasts
[84]. The miR-125b-mediated suppression of 4E-BP1 may
play a critical role in the airway antiviral innate immunity.
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Through promoting type I IFN expression, miR-125b–4E-
BP1 pathway may contribute to mucosal eosinophilia in eo-
sinophilic CRSwNP [85•]. Scientists have also shown an in-
crease in the expression of miR-142-3p in nasal mucosa of
chronic rhinosinusitis with polyps patients compared to nor-
mal human. TNF-α is mainly produced by mononuclear mac-
rophages and eosinophils and could induce interleukin (IL)-6,
IL-10, and interferon-γ (IFN-γ) release and play a role in
cytotoxicity and growth inhibition [86]. In addition, TNF-α
could induce nuclear factor kB (NF-kB), C-fos, and C-Jun
expression and regulate the immunoreaction, which is a broad
spectrum of pro-inflammatory cytokines [87]. miR-142-3p
and TNF-α expression levels were increased after LPS stim-
ulation in a dose- and time-dependent manner. Knockdown of
miR-142-3p in HNEpCs downregulated tumor necrosis factor
alpha (TNF-α) expression at both messenger RNA and pro-
tein levels [88]. It indicated that miR-142-3p might participate
in the regulation of the body’s inflammatory response through
the LPS-TLR-TNF-α signaling pathway in chronic
rhinosinusitis with nasal polyposis. In another study, the ex-
pression levels of miR-21 in CRSwNP were significantly
higher than those in CRSsNP and controls. Downregulation
of miR-21 resulted in increased PTEN and decreased Akt
phosphorylation. Furthermore, overexpression of miR-21
had the opposite effects. So TGF-β1-miR-21-PTEN-Akt axis
may contribute to the pathogenesis of CRSwNP. miR-21
might be a reliable target for treating nasal polyp genesis [89•].

In contrast to the above described studies showing an in-
crease in the levels of different types of miRNAs in CRSwNP,
scientists have found an opposite role of miR-4492 in this
disease. Studies showed that miR-4492 was downregulated
and IL-10 was upregulated in CRSwNP versus CRSsNP tis-
sues, and an inverse correlation between miR-4492 and IL-10
was determined in CRS tissues [90]. Deregulation of a number
of cytokines, including IL-1, IL-2, IL-10, and TNF-α, has
been detected in a large number of diseases, including cancer,
autoimmune diseases, and inflammatory diseases. Increasing
evidence suggests that cytokines are key mediators of the
inflammation and immune response associated with NP,
among which TNF-α and IL-10 are two predicted targets of
miR-4492. Dysregulation of IL-10 is involved in the immu-
nopathologic response to infection and the development of
numerous autoimmune diseases [91]. Little is known about
miR-4492 function. One study indicated that miR-4492 sup-
presses colorectal cancer progression [92]. Another study re-
vealed that miR-4492 mimics significantly suppressed blad-
der cancer cell proliferation, migration, and invasion, suggest-
ing that miR-4492 is a tumor suppressor in bladder cancer
[93]. In KEGG pathway analysis, IL-10 was enriched in the
Jak/STAT signaling pathway. It is indicated that miR-4492
may serve roles in nasal polyposis via the hsa-miR-4492/IL-
10 interaction in the Jak/STAT signaling pathway [94]. The
different expressions of miRNA in CRSwNP are seen in

Table 2. DNA methylation can inhibit the transcription of
miRNAs, just like coding genes, by methylating the CpG
islands in the promoter regions of miRNAs. Conversely, cer-
tain miRNAs can directly target DNA methyltransferases and
bring about their inhibition, thereby affecting the whole ge-
nome methylation pattern [95•].

The Functions of Epigenetic Changes in the Endotypes
of CRSwNP

There is currently increasing evidence to suggest that there are
numerous endotypes of CRSwNP, with different pathophysi-
ologies and different forms. CRSwNP can be divided into
three different endotypes: the T cell–/Th2 cytokine–based
endotype, the B cell–/IgE-based endotype, and the
eosinophil-based endotype [96••]. This gives rise to different
treatment approaches in CRSwNP. This type 2 inflammatory
pattern is characterized by a high presence of eosinophils,
mast cells, basophils, and T-helper 2 (Th2) cells, and comor-
bid associations with asthma and atopy [97].Within the type 2
inflammatorymilieu, multiple cytokines, including IL-5, IL-4,
and IL-13, have also been found to drive the immunologic
pathways central to CRSwNP pathophysiology. IL-33 is a
chemoattractant for Th2 cells and promotes the production

Table 2 The expression of miRNA in the nasal polyps compared with
control tissues

Phenotype Overexpression Lower expression Reference

Nasal polyp miR-210-5p,
miR-3178,
miR-585-3p,
miR-3146, and
miR-320e

miR-32-3p, miR-1299,
miR-3196,
miR-3924,
miR-548e-3p,
miR-3184-5p,
miR-375,
miR-23a-5p,
miR-377-5p,
miR-574-5p,
miR-3149,
miR-500a-5p,
miR-125b-2-3p,
miR-1914-5p,
miR-532-3p,
miR-612,
miR-1298-5p,
miR-1226-3p,
miR-668-3p

[77]

Nasal polyp miR-125b, miR-155 miR-92a, miR-26b,
miR-181b

[78]

Nasal polyp miR-19a [82]

Eosinophilic
CRSwNP

miR-125b [85•]

Nasal polyp miR-142-3p [88]

Nasal polyp miR-21 [89•]

Nasal polyp miR-4492 [94]
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of Th2 cytokines such as IL-4, IL-5, and IL-13. The cytokines
IL-25, IL-33, and TSLP have an effect on type 2 innate lym-
phoid cells (ILC2) [98]. Both B cells and the antibody frac-
tions IgA and IgE were found to be elevated in patients with
CRSwNP [99, 100]. It was shown that the chemokines
CXCL12 (SDF-1 α) and CXCL13 (BCA-1) are present at
elevated levels in nasal polyps. Both attract B cells.
Furthermore, the receptors for SDF-1 α (CXCR4 and
CXCR7) and BCA-1 (CXCR5) are also present at elevated
levels [101]. RANTES is a member of the CC chemokine
family and a strong chemoattractant for eosinophils and T
lymphocytes, but not for neutrophils, and is primarily secreted
by nasal epithelial cells [102, 103]. Increased RANTES ex-
pression results in an increased number of eosinophils in tis-
sue. Therefore, RANTES likely also plays an important role in
the mobilization of eosinophils in nasal polyps. Poposki and
colleagues were able to show strong production of CCL23 in
nasal polyps, which was largely colocalized with ECP, indi-
cating predominantly eosinophilic CCL23 production in nasal
polyps [104].

Methylation, histone modifications, and microRNAs all
take part in the regulation of Th2 cytokine type of
CRSwNP. Gata3 acts as a master regulator for T-helper 2
(Th2) cell differentiation by inducing chromatin remodeling
of the Th2 cytokine loci, accelerating Th2 cell proliferation,
and repressing Th1 cell differentiation. Studies showed that
methylation on Gata3 negatively regulates elongation of the
IL-5 transcript in T-helper 2 cells [105]. The IL-4 and IL-5
DNA methylation was significantly lower, and IL-10 and
IFN-γ DNA methylation was higher in active IgE-mediated
cow’s milk allergy (CMA) patients [106]. Studies showed that
ILC2-expressed GATA-3 were able to produce IL-5, IL-13,
and IL-4 by demethylation [107•]. Endogenous HDAC activ-
ity plays a crucial role in maintaining the balance of pre-
established T(H)1-like and T(H)2-like responses, inhibiting
excessive T(H)2 immunity [108]. The HDAC inhibitor TSA
could enhance the human IL-5 and IL-4 gene expression by
altering histone acetylation [109, 110]. miR-1248 could inter-
act with the IL-5 transcript in the 3′-untranslated region and
serves as a positive regulator to increase IL-5 expression
[111]. Studies showed that miR-21 levels positively correlated
with IL-13 levels and miR-21 might play a role in the regula-
tion of IL-13 [112]. Liu et al. found that miR-487b could
inhibit the expression of IL-33 [113].

The B cell–/IgE-based endotype was also regulated mainly
by methylation and microRNAs. We and colleagues found
that IgE levels are associated with DNA methylation levels
[114]. The expression of CXCL12 and CXCR4 could be in-
creased by increasing DNA demethylation [115, 116]. Studies
showed that miR-146a could enhance the secretion of IgE in B
cells by upregulating 14-3-3σ expression [117]. miR-221
could promote IgE-mediated activation of mast cell degranu-
lation by the PI3K/Akt/PLCγ/Ca(2+) pathway [118]. Zhang

et al. found that miR-192 could block the activation pathway
of T follicular helper cells by decreasing the expression of
CXCR5 [119].

In E-CRSwNP, the expression of FZD5 and IL-5 could be
increased by hypomethylation [44, 97]. Studies showed that
the upregulated expression of miR-125b may enhance type I
IFN expression through suppressing 4E-BP1 protein expres-
sion in airway epithelial cells, which potentially contributes to
mucosal eosinophilia in eosinophilic CRSwNP [76]. The re-
lationship between epigenetics and the three endotypes of
CRSwNP is seen in Fig. 2.

Epigenetics and Glucocorticoid Resistance in CRSwNP

CRSwNP is an inflammatory condition with heterogeneous
pathophysiology. A cornerstone of the management of this
condition is the use of anti-inflammatory agents.
Corticosteroids are very effective and the most commonly
used [120]. Although systemic corticosteroids have shown
benefit in managing this condition, the frequency of use often
required in this condition is associated with significant ad-
verse effects. Topical corticosteroids, particularly when uti-
lized after endoscopic sinus surgery and delivered in a high-
volume, high-pressure manner, provide the desired anti-
inflammatory effects with nearly negligible systemic absorp-
tion [121]. Patients who often respond most favorably to glu-
cocorticoid (GC) treatment are those with a Th2-mediated,
highly eosinophilic CRSwNP.

However, there are some patients who fail to respond to
GC, so-called GC resistance. The functions of GC are medi-
ated by the GC receptors (GRs), which consist of three iso-
forms: GR-α, GR-β, and GR-γ [122]. GR-α could regulate
GC signaling transmission, while GR-β and GR-γ prevent the
GC activation despite its binding to GCs [123•]. One reason of
GC resistance is GC receptor modification, which includes
phosphorylation [124], nitrosylation [125], and ubiquitination
[126]. Some studies have reported increased expression of
GR-β in glucocorticoid-resistant patients of several diseases,
including asthma, rheumatoid arthritis, and inflammatory
bowel disease [123, 127]. Downregulation of GR-α mRNA
suggests the existence of glucocorticoid insensitivity, and the
expression of GR-β may play an important role in the evalu-
ation of the glucocorticoid therapeutic effect in patients with
nasal polyps [128]. IL-1β is one of the important cytokines
involved in the etiology of nasal mucosal inflammation. IL-1β
could induce a reduction of the GRα/GRβ ratio through p38
MAPK and JNK pathways. Studies showed that specific in-
hibitors of the p38 MAPK and JNK pathways resulted in an
increased GRα/GRβ ratio and a recovery of GC affinity in IL-
1β-induced polyps [129].

Epigenetics may also take part in the GC resistance.
HDAC2 is important for corticosteroids to switch off inflam-
matory gene transcription [130]. HDAC2 activity and
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expression are reduced in patients with some diseases that
respond poorly to glucocorticoid treatment. Overexpression
of HDAC2 (by use of a plasmid vector) in bronchoalveolar
macrophages from patients with GC-resistant COPD restored
GC sensitivity to the level seen in controls [131]. Whether
HDAC2 expression is also reduced in glucocorticoid-
resistant patients with other inflammatory diseases, such as
rheumatoid arthritis and inflammatory bowel disease, nasal
polyp has not yet been investigated. Promoter methylation
may silence the GR-α and take part in GC resistance. Mata-
Greenwood et al. found that human endothelial GR mRNA
expression is regulated by promoter methylation, and
dexamethasone-sensitive and dexamethasone-resistant cells
had different GR promoter methylation patterns [132].

miRNAs make an interesting candidate for the regulation
of GC resistance because they are potent inhibitors of post-
transcriptional gene expression via target cleavage or transla-
tional repression [133]. miR-29a and miR-18a could decrease
GCs’ responsiveness by diminishing GR expression levels
[134]. miRs 18 and 124a could also reduce GR-mediated
events by decreasing GR protein levels [135]. High levels of
miR-142-3p resulted in low levels of GR-α protein expres-
sion, thus leading to T-leukemic cell resistance to GCs [136].
Expression of miR-221 and miR-142-3p was found to be el-
evated and combination of their levels could confirm diagno-
sis of allergic rhinitis with the sensitivity of 81% and

specificity of 65% [137]. Interestingly, miR-142-3p was sig-
nificantly higher in nasal mucosa of chronic rhinosinusitis
with polyps patients compared to normal human [138]. So
the miR-142-3p may be responsible for the GC resistance in
CRSwNP and need to be further studied. With increasing
miRNA patterns emerging into researchers’ vision, they worth
more investigation as promising predictive biomarkers for
drug effectiveness and disease prognosis.

Current Epigenetic Therapy in CRSwNP

With the advancement of new diagnostic tools, it reveals that
there are many diseases that are caused by epigenetic modifi-
cations. Development of “epigenetic therapies” now has the
immense potential towards the treatment of many diseases
including cancer, cardiovascular disorders, and also inflam-
mation. Recently, many agents have been found to modify
epigenetic patterns by changing DNA methylation patterns
or cause modification of histones. Many of these agents are
currently being tested in clinical trials [139].

DNA methyltransferase (DNMT) inhibitors, 5-azacytidine
(clinical name Vidaza), and 5-aza-2′deoxy-5-azacytidine
(clinical name decitabine) are pan inhibitors and are now used
to increase fetal hemoglobin production by causing hypome-
thylation of γ-globin genes in patients with sickle cell disease
[140]. Azacitidine (AZA) and decitabine (DAC) are

Fig. 2 CRSwNP can be divided into three different endotypes: the T
cell–/Th2 cytokine–based endotype, the B cell–/IgE-based endotype,
and the eosinophil-based endotype. All the three types are regulated by

epigenetics. (A: miR-1248, B: miR-21, C: miR-487b, D: miR-146a, E:
miR-221, F: miR-192, G: miR-125b). The epigenetics takes regulation
function in the three different endotypes
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hypomethylating agents (HMAs) commonly used to treat
myelodysplastic syndromes (MDS) and acute myeloid leuke-
mia (AML) when not eligible for intensive chemotherapy and
allogeneic transplant [141–144]. AZA was the first drug to
demonstrate a survival benefit in a randomized trial for pa-
tients with MDS. Oral steroids are recommended for the treat-
ment of nasal polyps (NPs), but prolonged use is avoided
because of side effects. Topical steroids can also control NPs
without significant complications; however, the response to
this is partially successful, and additional therapies are needed
to treat glucocorticoid-resistant NPs. Yeo et al. revealed that
topical AZA decreases inflammatory cytokines on human NP
explants and this could have future therapeutic implications
for NPs [145]. Methyl-CpG-binding protein 2 (MeCP2),
known as a transcriptional regulator, has been suggested to
play an important role in myofibroblast differentiation in the
lung. 5-Azacytidine significantly could not only inhibit the
expression of α-SMA and fibronectin mRNA in nasal
polyp–derived fibroblasts (NPDFs) but also suppress collagen
production and the expression of MeCP2 in a dose-dependent
manner [146••].

HDAC inhibitors have been found to be a novel category of
anticancer drugs. To date, the United States Food and Drug
Administration have approved four HDAC inhibitors,
vorinostat, romidepsin, panobinostat, and belinostat. More
specifically, these HDAC inhibitors have the least severe side
effects and are mostly used for hematologic cancers. HDAC
inhibitors are also used in various types of neurodegenerative
diseases, inflammation disorders, and cardiovascular diseases
[147]. Similar to AZA, zebularine is another cytidine analog
that inhibits DNMT1 activity. Although not yet FDA ap-
proved, this isoform has found good results in mouse models
[148]. Epigenetic modulation by histone deacetylase (HDAC)
inhibitors including trichostatin A (TSA) has been reported to
have inhibitory effects on myofibroblast differentiation in
lung and renal fibroblasts. Studies showed that TSA sup-
pressed TGF-βl-induced myofibroblast differentiation and
ECM production by inhibition of HDAC2 and HDAC4 and
hyperacetylation of histone in nasal polyp organ cultures
[62•]. TSA could be a candidate of a therapeutic agent for
reversing the TGF-β1-induced ECM synthesis that leads to
nasal polyp development. Histone deacetylase inhibitors may
have a potential efficacy for the treatment of neurodegenera-
tive diseases, cardiac hypertrophy, and asthma [149, 150].
Since the drugs modulating epigenetic changes have not been
rarely evaluated clinically in the nasal polyp, therefore, it is
not possible to precisely describe the side effects and efficacy
of these drugs in nasal polyp. Nevertheless, it is possible to
hypothesize that the clinical effects of epigenetic modulators
may be long lasting and these drugs may normalize the hyper-
active immune system to inhibit the pathogenesis of nasal
polyp. Accordingly, future clinical studies shall be planned
to explore the efficacy and safety of these drugs in nasal polyp.

Conclusions

CRSwNP is a common and heterogeneous inflammatory dis-
ease, which may involve many genes and many pathways.
Epigenetic modification is essential for regulating tissue- and
stage-specific gene expression during growth and development.
Some genes are hypermethylated, and some other genes are
hypomethylated in nasal polyp. In CRSwNP patients, there is
also an upregulation of certain miRNAs including miR-125b,
miR-155, miR-19a, miR-142-3p, and miR-21 and downregula-
tion ofmiR-4492. HDAC2, HDAC4, andH3K4me3may be the
target in the treatment of CRSwNP. Both HDAC2 and the
miRNA may take function in the regulation of glucocorticoid
resistance. DNMT or HDAC inhibitors may have a potential
efficacy for the treatment of CRSwNP. The epigenetics could
give rise to the classification of nasal polyp and may provide
new candidate genes for the treatments. The use of epigenetics
has emerged as a viable means to provide biomarker and novel
therapy for the treatment of nasal polyp.
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