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  Asthma is a complex disease with an increasing prevalence rate caused by the interaction of multiple genet-
ically inherited and environmental factors. Epigenetics link genetic susceptibility and environmental factors. 
DNA methylation is an epigenetic modification that plays a crucial role in the regulation of growth and devel-
opment, gene expression, and disease. Relatively little is known about DNA methylation in asthma, with few 
studies to date using single-cell sequencing to analyze the molecular mechanism by which DNA methylation 
regulates asthma. Cells with similar phenotypes may be heterogeneous in function and transcription, as may 
their genetic information. Although multi-omics methods, such as studies of the genome, transcriptome, and 
epigenome, can be used to evaluate biological processes, these methods are applicable only to groups of cells 
or tissues and provide averages that may obscure direct correlations among multiple layers of data. Single-cell 
sequencing technology can clarify the methylation and expression of genes in different populations of cells, in 
contrast to traditional multi-omics sequencing, which can determine only average values of cell populations. 
Single-cell sequence can therefore better reflect the pathogenesis of asthma, as it can clarify the function and 
regulatory mechanism of DNA methylation in asthma, and detect new genes and molecular markers that may 
become therapeutic targets in this disease.
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Background

Asthma is a heterogeneous chronic inflammatory airway disease 
and one of the most common respiratory diseases in children. 
It is characterized by variable respiratory symptoms, includ-
ing restricted reversibility of airflow, severe airway remodeling, 
and even suffocation. In recent years, epidemiological stud-
ies in many countries and regions have shown that the prev-
alence of asthma has increased annually [1], with this disease 
currently affecting more than 300 million people worldwide.

Asthma is a complex disease influenced by the interaction of 
genetic (48–79%) and environmental factors [2]. Epigenetic 
phenomena link environmental and genetic susceptibility fac-
tors by influencing gene modification and regulating gene func-
tion [3]. DNA methylation, histone modification, and microR-
NA are the 3 primary mechanisms by which epigenetics are 
changed by environmental exposure, such as air pollution, diet, 
drugs, microorganisms, obesity and stress factors. Prenatal ex-
posure to these environmental factors is thought to cause epi-
genetic changes, thereby affecting early immune programming 
and influencing the development and function of the immune 
system, changes that can have lasting effects (Figure 1) [4–9]. 
Although identifying these factors will be difficult, it is critical 
to choose the appropriate tissue to study the effect of the epig-
enome on asthma. Greater cell purity and a higher correlation 

between cells and disease states increase the likelihood that 
epigenetic markers will regulate the expression of

The immunological pathogenesis of asthma is closely related to 
functional imbalances of Th1/Th2 cells and Th2/Treg cells [11] 
and the hyperfunction of Th2 cells. The differentiation of Th and 
Treg cells is affected by epigenetic factors, including the char-
acteristics of anti-inflammatory antigen-presenting cells and 
the structure of antigens. In addition, cytokine gene expression 
and epigenetics play major roles in regulating asthma airways. 
Epigenetic mechanisms have been shown to regulate the ex-
pression of transcription factors and cytokines during T cell dif-
ferentiation into Th1, Th2, and Treg cells [12]. Epigenetics can 
regulate the expression of the Th1 cytokine interferon (IFN)-g, 
and reduced IFN-g expression can inhibit CD4+ T cells in asth-
ma patients. Extensive methylation of interleukin (IL)-4 and 
IFN-g promoter regions has been observed in naive T cells of 
asthmatic patients [13]. In addition, the expression and activ-
ity of histone acetyltransferase (HAT) and histone deacetylase 
(HDAC) are abnormal in asthma patients. Abnormal Notch1 sig-
naling can shift the Th1/Th2 balance toward Th2 in asthma pa-
tients. The activity of HAT, an enzyme in the Notch1 pathway, 
is enhanced, and H3K9, H3K14, H3K27, H3K18, and H3K16 are 
highly acetylated, resulting in abnormal regulation of Notch1 
signals in T cells and aggravated inflammatory reactions [14]. 
MicroRNAs (miRNAs) can also regulate multiple steps in the 
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Figure 1.  Epigenetic modifications by which environmental exposure influences the occurrence of diseases.
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Figure 2. DNA methylation process.

pathogenesis of asthma. For example, miRNAs-181a, -150, 
-146a, and -146b in CD4+ T cells are significantly higher in sub-
jects with than without asthma. MiRNA-146a expression is sig-
nificantly reduced by dexamethasone treatment; whereas lev-
els of miRNAs-181a, -146a, and -146b were found to correlate 
positively with the total number of inflammatory cells and eo-
sinophils in bronchoalveolar lavage fluid [15]. Taken together, 
these findings indicate that epigenetic mechanisms play a cru-
cial part in the pathogenesis of asthma. At present, however, 
studies on the epigenetics of asthma are still inconclusive, in-
dicating the need for further research to understand epigenetic 
mechanisms in asthma and to identify new therapeutic targets.

The Role of DNA Methylation in Epigenetics

DNA methylation can affect the onset of various diseases by 
regulating the body’s immune system. DNA methylation is in-
volved in regulating the differentiation of immune cells and the 
expression of immune factors, confirming that DNA methyla-
tion is involved in regulating the immune system. DNA meth-
ylation, the most common type of epigenetic modification, is 
crucial in regulating genome function [16], including in diseas-
es of the immune system such as asthma. The CpG dinucleo-
tide is an important target of DNA methylation in the human 
genome. The distribution of CpG dinucleotides in the human 
genome is uneven, but one of the most notable features is 
CpG islands, which are located in core sequences of structural 

gene promoters at sites of initiation of gene transcription in 
56% of coding genes [17]. Unmethylated CpG islands allow 
gene transcription, whereas their methylation directly pre-
vents transcription factors, including AP-2, c-Myc and E2F, from 
binding to the gene promoter region, reducing or abolishing 
gene transcription [18]. DNA methylation in mammalian cells 
is mainly catalyzed by the DNA methyltransferases (DNMTs) 
DNMT1, DNMT3a, and DNMT3b. Using S-adenosylmethionine 
as a methyl donor, these enzymes catalyze the covalent bind-
ing of an activated methyl group to the C-5 position on the 
dinucleotide CpG, forming 5-methylcytosine and resulting in 
methylated CpG (mCpG) (Figure 2) [19]. DNA methylation can 
also occur at the N-6 position of adenine, the N-4 position of 
cytosine, or the N-7 position of guanine. Methylation mediates 
gene silencing through a series of DNA-protein and protein-
protein interactions, beginning with the binding of 5-methyl-
cytosine binding domain (MBD) proteins and followed by the 
recruitment of histone-modifying enzymes, which together 
promote chromatin condensation and inactivation [19–21]. 
The MBD family of proteins specifically binds to methylated 
CpG sites on DNA to repress active transcription. To date, 5 
members of this conserved family have been identified, MBD1, 
MBD2, MBD3, MBD4, and MeCP2 [22]. The binding of MBD pro-
teins to methylated CpG islands in gene promoter regions in-
hibits the binding of transcription factors and cofactors, allow-
ing HDAC to form a complex with other transcription inhibitors 
(Sin3a) on lysine residues in the tails of histones, increasing 
the positive charge on histones. This results in chromosome 
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compaction and changes in conformation, further restricting 
the binding of transcription factors and leading to the inhibi-
tion of gene transcription (Figure 3) [23–26].

DNA Methylation in Asthma

DNA methylation markers can be inherited and/or be affected 
by environmental factors. Many genes related to methylation 
in asthma, including those encoding the cytokines IL-4, IL-10, 
IL-13, and IFN-g; genes involved in signaling pathways, such as 
FOXP3, iNOS, and Samd; and other genes, such as RUNX3 and 
ACSL3 [27–31]. Studies of their methylation patterns can result 
in better understanding of the regulation of asthma pathogen-
esis. Moreover, the characteristic changes in the methylation 
of these key genes are related to exposure to certain risk fac-
tors. Environmental exposure in early life can cause changes in 
DNA methylation levels, altering the regulation of the immune 
system and leading to the development of asthma and other 
allergic diseases [32]. Risk factors in the environment main-
ly affect the occurrence of asthma by acting on the methyla-
tion of T cells and dendritic cells (DCs). For example, exposure 
to Aspergillus fumigatus and other dust mite allergens can in-
duce hypermethylation of the IFN-g promoter, hypomethylation 
of the IL-4 promoter, and enhanced IgE expression. This will 
lead to decreased differentiation of CD4 T cells into Thl and 
increased differentiation into Th2, thereby promoting asthma 

attacks [33,34]. Exposure to air pollution has been found to 
increase FOXP3 gene methylation, accompanied by regulatory 
T cell dysfunction [35]. Exposure of immature or transparent 
airways to tobacco smoke, polycyclic aromatic hydrocarbons, 
and other environmental insults was found to be captured by 
DCs, with these allergen-activated DCs promoting the differ-
entiation of CD4+ T cells into Th2 rather than Thl cells [36,37].

DNA methylation also requires the participation of methyl do-
nors. Vitamins, folic acid, and choline in the diet can provide 
methyl groups for DNA methylation [38]. The offspring of fe-
male rats fed a high-methylated diet during pregnancy were 
found to have higher levels of allergic airway inflammation, se-
rum IgE, and airway hyperresponsiveness than the offspring of 
rats fed a low-methylated diet. These studies also showed that 
the asthma gene is hypermethylated and the transcription levels 
of related genes are reduced. This immune phenotype, however, 
is reversed after treatment with demethylating agents [39,40].

Destruction of the normal DNA methylation pattern in a cell 
alters gene expression. Many studies have verified that DNA 
methylation plays a crucial part in the pathogenesis of asth-
ma [41–43]. An epigenome association study analyzing the 
relationship between methylation and asthma found that 14 
CpG methylation sites in the blood DNA of asthmatic children 
were associated with decreased initial T cell activity and in-
creased activity of memory CD8 T cells and natural killer (NK) 

CpG islands

Promoter
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Figure 3.  The main mechanism by which 
DNA methylation inhibits gene 
transcription.
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cells. These CpG sites and transcriptional profiles were associ-
ated with the activation of eosinophils and cytotoxic T lympho-
cytes (CTLs) [44]. Moreover, assessments of peripheral blood 
mononuclear cells (PBMCs) of asthma patients identified 81 
CpG regions with differential methylation status. Some genes 
related to immunity (IL-13, RUNX3) and T lymphocytes were 
hypermethylated, and 11 differential methylation sites were 
associated with high serum IgE concentrations. These hyper-
methylation sites are involved in the processes of T cell matu-
ration, Th2 cell immunity, and oxygen pressure [31]. Changes in 
DNA methylation may be crucial to the establishment of asth-
ma-related immune phenotypes. Because the relationships be-
tween specific mechanisms and DNA methylation remain un-
clear, it is particularly important to determine changes in DNA 
methylation in asthma patients. Most of the current studies of 
DNA methylation in asthma have assessed specific gene loci 
and some have used traditional high-throughput sequencing 
methods to detect DNA methylation status, mainly based on 
analysis of methylation in heterogeneous populations. Single-
cell studies of genomic DNA methylation levels in asthmatic 
patients may provide clues to the regulation of DNA methyla-
tion in asthma and to the pathogenesis of this disease.

The Significance of Single-Cell Sequencing

Over the past decade, next-generation sequencing (NGS) tech-
nology has provided unprecedented insight into biology and 
heterogeneity at the single-cell level [45], leading to unprece-
dented understanding of diseases. These advances in single-
cell technology are important because volumetric measure-
ments mask crucial information by averaging signals from 
cells [46]. In particular, NGS has proven a sensitive monitor 
of gene expression, epigenetic modifications, chromatin and 
nuclear structure, and other aspects of cellular status [47], 
enabling further studies of the genome, transcriptome, epig-
enome, and proteome at the single-cell level [48–50]. Single-
cell sequencing analysis was based on similar techniques devel-
oped to analyze bulk cell populations. Because most single-cell 
sequencing-based analysis requires a minimum level of ma-
terials, amplification strategies, and physical capture and iso-
lation of individual cells are particularly important for its de-
velopment. The amplification and sequencing of genomes or 
transcriptomes can detect single-nucleotide variants (SNVs) 
and copy number variants (CNVs), as well as determining sin-
gle-cell gene expression levels and epigenome DNA methyla-
tion states [51], revealing different aspects of the functional 
state of cells. These methods can be used to study the genetic 
characteristics of diseases and biological processes at the sin-
gle-cell level. The ability to measure DNA methylation in sin-
gle cells may further enable understanding of several crucial 
biological processes, including disease progression, embryonic 
development, aging, and stem cell differentiation.

Single-cell epigenetic analysis is a major technical chal-
lenge [52,53], as huge differences in epigenetic state are ob-
served even in homogeneous cell populations [54]. Although all 
cells of a particular type are thought to be identical, evidence 
from single-cell studies indicates that this assumption is not 
entirely correct [55,56]. Individual cells of the same type may 
differ widely in functions and properties, with each cell having 
different effects on human health. Experiments that evaluate 
populations of cells may average or dilute differences among 
seemingly identical cells. Moreover, certain types of cells, such 
as early embryos, are scarce and cannot be assessed in bulk. As 
with NGS, the need for a sufficient amount of DNA or RNA is a 
major obstacle to the direct evaluation of epigenetics in these 
cells. Therefore, the development of high-throughput methods 
to detect epigenomes at the single-cell level is of great impor-
tance in studying the pathogenesis of diseases. Although sin-
gle-cell sequencing has been useful in assessments of marine 
microbial diversity, renal clear cell carcinomas, and bone mar-
row proliferative tumors [57–59], this technique has not been 
used in research on allergic diseases such as asthma.

Asthma is a disease related to immune cells. These immune 
cells have abundant subpopulations, and the type, state, dis-
tribution, and function of these cells are polymorphic, allow-
ing them to maintain a steady state of immunity through a 
complex network of cytokines. Single-cell sequencing can re-
veal the tiny differences specific to each cell, and exploring 
the pathogenesis of asthma at the single-cell level can help 
identify new therapeutic targets.

Application Potential of Single-Cell DNA 
Methylation Sequencing

The most commonly used techniques for detecting DNA meth-
ylation at the single-cell level are single-cell reduced represen-
tation bisulfite sequencing (scRRBS) and single-cell bisulfite se-
quencing (scBS-seq). These methods mainly involve restrictive 
digestion and bisulfite treatment of CpG-rich regions, allowing 
the current DNA methylation level of an individual cell to be 
measured and up to 48% of CpG sites in the genome to be de-
tected [51,53,60–62], a measure that also indirectly reflects the 
expression of most genes. During the process of single-cell DNA 
methylation sequencing, it is necessary to separate individu-
al cells. Because of the small amount of nucleic acids in single 
cells, nucleic acid sequences must be amplified. Single-cell DNA 
methylation sequencing consists mainly of single-cell isolation, 
lysis, and bisulfite conversion, followed by library construction, 
sequencing, and bioinformatics analysis (Figure 4). Cells with 
similar phenotypes have been shown to be heterogeneous in 
function and transcription, suggesting that their genetic infor-
mation may also differ significantly. The DNA used in tradition-
al high-throughput sequencing is extracted from populations of 
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cells, with the results being only the average of this cell popu-
lation. This overall characterization approach masks much low-
abundance information [63,64]. Because single-cell sequencing 
technology can more truly reflect the occurrence of disease and 
its mechanism of development, single-cell DNA methylation is 
increasingly used in research on diseases. Single-cell whole-ge-
nome methylation technology has been used to study increases 
in CpG methylation during the maturation of human oocytes, 
which may enable assessments of DNA methylation reprogram-
ming in early human embryos [65,66]. Analysis of the heteroge-
neity of 5-methylcytosine patterns in the whole liver of mice by 
assessing single-cell DNA methylomes showed a significantly 
high level of heterogeneity, corresponding to an average muta-
tion frequency of about 3.3%, The region containing H3K4me1 
was found to be the most variable, the promoter and CpG is-
lands to be the most stable, most non-functional sites such as 
repeating elements and introns to be unstable, and the poten-
tial functional sites such as gene promoters to be generally sta-
ble [67]. Single-cell technology has been used to assess hema-
topoietic stem cell subpopulations [68], splicing variability and 
cell heterogeneity [69], and epigenetic chimerism in preimplan-
tation embryos [70]. Findings to date suggest that this technol-
ogy will be useful in assessing the pathogenesis of asthma, rhi-
nitis, and other diseases and in providing a basic understanding 
of complex biological phenomena.

Although this technology is still in the laboratory research 
stage, we think it may have good clinical application. For ex-
ample, it can be used to analyze the same cells of different 
organs or different types of cells in the same organ, such as 

differences in methylation of blood lymphocytes and in the al-
veolar lavage fluid of patients with asthma; to detect differ-
ences in the DNA methylation status of various types of cells 
in asthma patients; and to detect immune cell heterogeneity 
in asthma patients. This method may also identify new sub-
types of immune cells, enhancing individualized treatment.

Conclusions

Epigenetics are reversible genetic changes that can silence or 
activate the expression of specific genes through various mod-
ifications. It is an important link between the environment and 
genetics. Because epigenetics play a role in immune system 
development and regulation of function, epigenetics, espe-
cially DNA methylation, have an important impact on the oc-
currence of asthma. Few studies to date have utilized single-
cell sequencing to assess the regulation of DNA methylation 
in diseases, especially the mechanism by which DNA methyl-
ation regulates asthma. Single-cell sequencing not only pro-
vides a more comprehensive understanding of the regulatory 
role of DNA methylation in asthma, including gene expression 
and immune cell differentiation, but can help identify critical 
surface markers in asthma-related immune cells. These genes 
and molecular markers may become a new target for immuno-
therapy and have important value in clinical research.
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Figure 4.  Single-cell DNA methylation sequencing technology in asthma.
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