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Rheumatoid arthritis is an autoimmune disease characterized by chronic

inflammation and progressive joint destruction. Genetic and environmental risk

factors contribute to the development of rheumatoid arthritis (RA). Among

environmental factors, seasonal cycles are reported to impact the clinical

phenotypes in RA, with rheumatic flares being aggravated during the winter

season. Gaining insight into the seasonal effects on molecular drivers can be vital

in resolving seasonal cycles in RA pathogenesis. To understand this

phenomenon, genome-wide association study (GWAS) and candidate genes

were reviewed to identify their role in susceptibility to RA. Subsequently, it was

verified how many of these genes are modulated by seasonal influences.

Furthermore, the role of epigenetic modifications, such as DNA methylation

and non-coding RNAs, involved in RA pathogenesis and whether these

epigenetic effects are also impacted by seasonal fluctuation were examined.

Finally, it was investigated how these genetic and epigenetic mechanisms result

in the breakdown of self-tolerance and the initiation of an autoimmune action.

Upon overlapping the genetic and epigenetic observations influenced by

seasonal cycles, it was evident that seasonal cycles do impact the genetic and

epigenetic machinery, which possibly can explain the reasons for seasonal flares

in RA pathogenesis. The evidence indicates that genetic and epigenetic

mechanisms are driven by climatic variation and that the timing and duration

of the aberrant expression of immune response genes will drive the

autoantibodies to develop seasonal flares of RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoinflammatory joint

disease characterized by synovial hyperplasia, loss of self-

tolerance, and progressive bone erosions. The prevalence rate of

RA is 1% in the global population (1). Autoantibodies are the

major hallmark of RA, and the presence of autoantibodies like RF

and anti-cyclic citrullinated peptide (anti-CCP) antibodies (2) in

strong positivity has a significant impact on the etiopathogenesis of

RA. These autoantibodies are very specific for RA, are present in

the earlier stages of the disease, and also correlate with the severity

of the disease (3). In rheumatoid arthritis patients, both RF and

anti-CCP levels vary in each individual and exhibit high diversity

in the various global populations (4). The variability in the

autoantibody status may be due to gene–environment

interaction in various geographical landscapes, which strongly

impacts the increased expression of serological markers like RF

and anti-CCP in RA.

The genetic architecture and environmental factors underlie the

crucial mechanism in RA pathogenesis (5). Evidence related to

clinical phenotype and genealogical data suggests that occurrences

of RA are greater in the family pedigree of the proband [6] and in

twins, with 50% genetic heritability in monozygotic twins, which

display a better concordance rate than dizygotic twins, thereby

suggesting a strong contribution by the genetic elements in RA

pathogenesis (7). The nature of environmental perturbation in the

disease outcome is ambiguous. While environmental factors like

smoking and hormonal factors are known to influence the

development of RA, the significance of factors such as day and

night length, temperature, humidity, seasonal variations, and global

warming cannot be ruled out, as these factors can also impact gene

expression and epigenetic influence on immune response genes.

The incidence and impact of smoking are also dependent on

seasonal influences. Seasonal rheumatic symptoms are commonly

reported across all rheumatic diseases with bimodal patterns of

seasonality for global severity, joint pain, fatigue, and socialization

(8). Seasonality defines the variations in the seasons, like winter,

summer, spring, and autumn. The genetic determinants and

environmental factors are intertwined with lifestyle in

determining the health status of an individual, where gene–

environment interaction strongly influences epigenetic

mechanisms like DNA methylation, histone modifications,

acetylation, and miRNA expression (9). Thus, epigenetic

regulation defines how gene–environment interaction impacts

DNA modifications without altering the genomic domains. These

environmental factors can result in epigenetic disarray, thereby

influencing RA flares through the ubiquitous expression of host

immune system genes, resulting in the breakdown of immune
Abbreviations: RA, rheumatoid arthritis; anti-CCP, anti-cyclic citrullinated

peptide; RF, rheumatoid factor; RASFs, rheumatoid arthritis synovial

fibroblasts; GWASs, genome-wide association studies; SEs, shared epitopes;

HLA, human leucocyte antigen; SNPs, single-nucleotide polymorphisms; TCR,

T-cell receptor; PBMCs, peripheral blood mononuclear cells; eQTLs, expression

quantitative trait loci.
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tolerance and initiating autoinflammatory responses in genetically

predisposed RA individuals (10). RA flares are referred to as RA

symptoms that are altered during the shift in seasonal changes. This

review attempts to understand how genetic and epigenetic

phenomena are associated with RA and to evaluate their

relationship to seasonal variations and how these seasonal factors

can promote or aggravate the progression of rheumatic phenotypes.

To address this, we first try to demonstrate if RA flares can be

aggravated during seasonal cycles, then try to identify the genes that

are associated with RA risk and how many of these genes are likely

to be influenced by seasonal cycles, and subsequently assess the

directional shift of different epigenetic events such as DNA

methylation and miRNA expression in RA and how many of

these directional shifts in epigenetic events are caused by

seasonal cycles.

Epidemiology of rheumatoid arthritis

As per the global and regional prevalence estimates, rheumatoid

arthritis is predicted to increase by 80.2% (63.3%–92.1%), reaching

31.7 million people globally by 2050, with the highest burden in

Andean Latin America (11, 12). Prevalence and incidence studies

on rheumatoid arthritis have reported considerable global variation.

An increased prevalence rate was observed in Europeans, in sharp

contrast to Asians. Studies have reported a higher prevalence of RA,

with 0.5%–1.1% in Northern European and North American

populations (13, 14) compared to 0.3%–0.7% in South Europeans

(15) and 0.2%–0.3% in Caribbean populations. Even among Asians,

the incidence rate of RA was found to be higher in the Japanese

population with 0.2%–0.3% (16) but lower in the Indian population

(0.1%–0.3%). Studies have shown that the incidence and risk of RA

are higher in regions at higher latitudes, which are typically found in

the Northern Hemisphere. It has been reported that RA is more

common in Northern Europe and North America than in Southern

Europe, Africa, and the Southern Hemisphere (17). Potential

explanations for these regional variations could be meteorological

factors like climate, environmental exposures, dietary factors,

behavioral factors, RA diagnosis, or genetic factors (8, 15, 18).

Environmental factors like climate change, humidity, temperature,

pollution, smoking, and disease-causing microbes can also cause

RA (15, 19, 20). It is well known that dietary factors can also vary in

different ethnic groups, which can differentially impact RA status

(21). Hence, variations in these demographic factors could reflect

differences in the prevalence rates of the diseases, which can further

be determined by their inherent genetic background and through

their impact on epigenetic phenomena, indicating that the genetic

factors could mediate the threshold of environmental impact. It is

the allelic background that will define the ability to withstand

environmental impact and thereby define the threshold, as

evident from the genes’ allele-specific expression. These

geographical, environmental, climatic, and genetic factors may

determine the variation in RA flares. However, how climatic

conditions or seasonal variations impact the development of RA

has never been the focus of a detailed investigation. This perspective

article attempts to investigate genetic predisposition to RA and how
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genetic predisposition factors are modulated by environmental

factors with specific reference to seasonal changes. Evaluating the

relationships between genetic, epigenetic, and seasonal factors may

help in refining the understanding of pathogenesis in autoimmune

diseases with respect to seasonal RA flares.
Genetic components of rheumatoid
arthritis

Genetic polymorphisms are highly inheritable variations in

DNA sequences that exhibit a significant role in the etiology of

RA. Many single-nucleotide polymorphisms (SNPs) are likely to

have a role in individuals’ predisposition to develop RA, which in

turn can contribute to phenotypic variation, increased disease

susceptibility, and altered genomic expression and function (22).

Hence, identifying predisposed polymorphisms that could play a

substantial role in defining immunogenetic impact on the

pathogenic mechanism of RA is critical. Candidate gene studies

are based on a strong hypothesis, while genome-wide association

studies (GWASs) provide a powerful genome-wide approach to

understanding the genetic basis of complex traits. Unravelling the

role of susceptibility loci in the development of complex disease

conditions like RA by assessing its contribution toward genetic

heritability can be challenging, but understanding this genetic basis

will help in defining the threshold of an individual to withstand

environmental impact. GWAS and candidate gene observations for

RA have identified factors within human leukocyte antigens (HLAs)

and non-HLA genes.
HLA genetics associated with RA and its
global variation

HLAs are encoded by major histocompatibility complex

(MHC) class I and II genes, which are highly accountable for the

regulation of innate immune responses during pathogen invasion.

Many immune cells are central to RA pathogenesis, where CD4+

effector memory T cells are specifically expressed on HLA-DR genes

located within RA-associated loci in chromosome 6 (23). HLA class

II encodes for DR, DQ, and DP loci (classical regions) and DM and

DO loci (non-classical regions) where allelic combinations exist in

the classical DR regions within the third hypervariable region

(HVR3) of the HLA-DRB1 chain termed as shared epitopes (SEs),

showing an increased risk for developing RA (24, 25). The shared

epitope hypothesis is attributed to the presence of arthritogenic

antigens (26) and T-cell repertoire selection (27). SE in the HLA-

DRB1 region exhibits a remarkable role in inflammatory regulation

and immune responses during RA pathogenicity (28, 29).

Interestingly, shared epitope-coding HLA-DRB1 allelic risk

combinations are strongly associated with autoantibodies like

anti-CCP (ACPA) in various global populations (Table 1) (30–

45). SE-coding HLA-DRB1 alleles have been shown to be associated

with the severity of disease and also exhibit allele-dose effect; i.e.,

patients with two SE-coding alleles tend to experience more severe
Frontiers in Immunology 03
disease than patients with one allele, who, in turn, have more severe

RA than SE-negative patients. In a Dutch population-based

inception cohort, the OR of the association of two copies of the

SE allele with anti-CCP positivity was 11.79 (p < 0.0001), while the

OR for just one SE allele was 4.37 (p < 0.0001). Similarly, in North

American RA Consortium families, linkage and association analyses

revealed that SEs are associated only with anti-CCP-positive disease

and not with anti-CCP-negative disease. Anti-CCP antibodies

primarily mediated the association of the SEs with joint damage

or disease persistence (46). SE-positive individuals also show a

lower likelihood of refractory RA, indicating a potential link

between shared epitope status and treatment efficacy (47). That

HLA-DRB1 13:01/13:02 is a risk factor for Koreans while showing a

protective effect in the Japanese population may be due to the cross-

reactivity between citrullinated proteins and the presence of certain

specific sequences in DRB1, which encodes for the same

autoantibodies, or HLA-DRB1 allele associated with the lower

frequencies in the population may have a protective effect (48)

due to the inter-individual variation in host immunogenetic

background. The geographical distribution of HLA-shared

epitopes and their association with anti-CCP and RF in

rheumatoid arthritis development show huge differences in the

global population, indicating a complex hierarchy conferred by

HLA-DRB1 and its allelic combinations in Caucasians (49) and East

Asian populations (48). Therefore, the allelic heterogeneity in HLA-

shared epitopes in Europeans and East Asian populations suggests

that HLA loci may bear the signature of selective pressure in which

selected epitopes influence various expression patterns of

autoantibodies in RA individuals. The role of environmental

interaction with these shared epitopes also influences the

expression of the genes associated with autoantibodies directly or

indirectly. The increased and decreased distribution of anti-CCP

and RF may be due to the influences of environmental or seasonal

parameters on disease variants.
Non-HLA genetics associated with RA

Apart from HLA, numerous non-HLA risk loci susceptible to

RA have also been identified. These genetic markers are tightly

linked with the various functions of the gene, molecular

mechanisms, and signaling pathways. Highly polymorphic regions

in non-MHC genes strongly influence disease phenotypes, which

involve the alteration in transcriptional activity, miRNA

regulations, splicing mechanism, mRNA stability, and

translational and post-translational modifications. Earlier studies

have indicated that SNPs of non-HLA genes like PTPN22, RAF1,

CTLA4, IRF5, STAT4, FCGR3A, IL6ST, IL2RA, IL2RB, CCL21,

CCR6, and CD40 are strongly associated with RA susceptibility (50).

Several SNPs of the immune regulatory genes and non-MHC

genes have been identified, but their association with clinical

phenotypes remains elusive. Over the years, GWASs have

identified several risk loci (Table 2) and even candidate genes

(Table 3), which have demonstrated the presence of plausible risk

variants that are significantly associated with RA in different global
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populations. However, there seems to be a lack of consensus across

studies to replicate these observations demonstrating significant

ethnic variation (Tables 2, 3). These variations in GWAS or

candidate genes could reflect their role in genetic, phenotypic, or

environmental heterogeneity. It could also demonstrate differential

selection in immune response genes, possibly due to

environmental adaptation.

The distribution of GWAS genes susceptible to RA based on

common and rare variants is presented in Figure 1. The majority of

the risk genes were spotted on chromosomes 1, 2, and 6

(Supplementary Table 1), which are also considered to be

hotspots for developing RA in the global population. Several

population-specific rare variants in RA-susceptible genes have

been reported in European and East Asian populations (Japanese

population) but have lacked replication in other populations.

Evidence from whole-exome sequencing has identified several

rare variants and common variants in the contribution of

PTPN22 to the risk of RA in the European population, but not in

the Korean population. Interestingly, many of these risk variants lie

within the coding regions of a gene, which can have a functional

role in modulating disease traits (51). This could also reflect a

population-specific genomic selection associated with

environmental or climatic shifts, providing a selective advantage

for certain alleles. The severity of the diseases and the expression of

various clinical phenotypes may be largely due to the burden of rare

variants in individual loci (52). The individuals carrying the risk
Frontiers in Immunology 04
variants may have a reduced threshold to withstand environmental

risk compared to non-risk variants. Hence, understanding the role

of rare variants in deriving the genotype-specific environmental

threshold to withstand an adverse environment and their

relationship to clinical parameters may provide insight into

immune signaling pathways, especially cytokine expressions,

which are dysregulated during an inflammatory condition.
Seasonal influences in RA pathogenesis

Many autoimmune diseases are strongly influenced by climatic

perturbation (53). Studies on the effect of seasonal variations on RA

and its symptoms are sparse, but seasonal variations are known to

impact differentially. The prevalence of RA in East Asian and

Northern Europeans is higher than that in South Asian

populations, showing the impact of climatic variations on the

geographical landscape for the increased expression of

autoantibodies for developing RA (19). Several meteorological

factors, including temperature, humidity, and barometric

pressure, have been linked to RA symptoms. Low temperatures

and high humidity, especially during winter months, are often

associated with increased pain and flare-ups in RA patients (54).

Conversely, warmer, drier conditions may provide some relief.

Barometric pressure changes, particularly low pressure, have also

been suggested to worsen RA symptoms. Decrease in barometric
TABLE 1 HLA-DRB1 alleles associated with ACPA and RF for RA susceptibility in global populations.

HLA-DRB1 locus Risk P-value OR ACPA/RF Populations References

*04:01/*04:03 Risk 0.001 3.74 Increased ACPA Europeans (French) (25, 26)

Latin Americans (27)

Increased RF East Asians (Koreans) (28)

*04:04/*04:08 Risk 0.001 4.2 Increased ACPA Europeans (29)

*04:05 Risk 0.0001 5.6 Increased ACPA Koreans (30, 31)

Japanese (32, 33)

Risk 0.02 4.7 Singaporeans (34)

*01:02/*01:01 Risk 0.001 1.44 Europeans (Israeli Jews) (35)

*14:02 Risk 0.001 1.8 Decreased ACPA Native Americans (36)

*14 Risk 0.001 0.48 Decreased ACPA Europeans (28)

African American (37)

*10:01 Risk 0.031 1.9 Increased ACPA East Asians (Japanese) (38)

Singaporeans (34)

*07:01 Risk 0.0001 0.91 Decreased ACPA East Asians
(Koreans) (Singaporeans)

(30, 31)

*14:05 Risk 0.001 0.31 Decreased ACPA East Asians (Japanese) (39)

*0901 Risk 0.001 1.38 Increased ACPA Korean (31)

*13:01/13:02 Risk 0.001 0.31 Increased ACPA Koreans (31)

*15 Risk 0.001 0.69 Europeans (40)
*ACPA, anti-cyclic citrullinated peptide antibodies; RF, rheumatoid factor; RA, rheumatoid arthritis.
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TABLE 2 GWAS genes associated with Rheumatoid Arthritis in global populations.
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Position European Populations

UK Spain Sweden Germany North
Ireland

Denmark J

Chromosome 1 1p13.2 PTPN-22 s s s s s s

1p36.2 PAD14 s s s

1p13 CD2, CD58 s s s s

1p23 FCGR2A s s s

1q31 PTPRC s s s

Chromosome 2 2p16.1 REL s s

2p14 SPRED2 s s

2q32 STAT4 s s s

2q11.2 AFF3 s s

2q33 CD28 s s s

2q33.2 CTLA4 s s

Chromosome 4 4p15 RBPJ s s s

Chromosome 5 5q11.2 ANKRD55,
IL6-ST

s s

Chromosome 6 6q27 CCR6 s s s

6q21 TNFAIP3 s

6p21.32 HLA-DRB1 s s s

Chromosome 7 7q32 IRF5 s s

Chromosome 9 9p13.3 CCL21 s s

9q33.2 TRAF1-C5 s s

Chromosome 10 10p15 IL-2RA s s

Chromosome 11 11p12 TRAF6 s s

Chromosome 20 20q13 CD40 s

Chromosome 21 21q22.3 UBASH3A s s s

Chromosome 22 22q12 IL-2RB s s s s

s stand for Significantly associated.
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pressure and increase in humidity are associated with increased risk

of RA. It has been reported that if barometric pressure decreases, the

hydrostatic pressure between cells increases, causing edema or

swelling. The increase in hydrostatic pressure induced mRNA

expressions of interleukin 6 (IL - 6), TNF-alpha (55), and

interleukin 8 (IL - 8). Even mechanical stress-induced expression

of IL - 8 and IL - 6 has been reported in human periodontal

ligament cells. Mast cells may be influenced by barometric pressure

and may be an important source of TNF-alpha and IL - 6 (56, 57).

Relative humidity has been reported to influence interferon gamma

(IFN-gamma), which is known to intensify inflammation. Change

in weather with specific reference to barometric pressure and

relative humidity can stimulate the expression of IL - 6, which in

turn can influence a cascade of positive feedback loops with IL - 17,

resulting in destructive arthritis (54, 57).

Studies in the Japanese population have shown that RA activity

is aggravated maximally during the spring and winter seasons but is

lower in autumn (58), indicating the effect of seasonal fluctuations

on disease activity and increased RA flares. Moreover, RA flares

worsen during the winter season than in any other season and are

strongly associated with the severity of the disease (59). Extreme

climatic variation impacts the pain levels, mood swings, and

physical activities of RA individuals, which worsens RA

symptoms (19). Seasonal changes can influence factors like IgG

antibody levels, impacting the inflammatory process in RA. RA

patients were more likely to report tender joints with minimal

temperature increase and maximal temperature decrease in winter.

The inverse effect was observed in summer; specifically, patients had

more painful joints when the daily minimum temperature
Frontiers in Immunology 06
decreased and the maximum temperature increased (60). These

observations clearly demonstrate the role of climatic effects or

latitudinal effects on the altered expression of autoantibodies in

developing rheumatic phenotypes, which can also be indicative of

differential prevalence in geographical distribution. This differential

impact of seasons and ethnicity may be influenced by their genetic

makeup or differential epigenetic influence. RA is an autoimmune

condition, which helped us to focus on the role of immune response

genes and how they are impacted by seasonal cycles.

Health and disease conditions display annual periodicities, but

it is rarely investigated how climatic perturbations can contribute to

these periodicities in maintaining health and what the molecular

events are. Emerging lines of evidence have indicated that ~23% of

the genome is impacted by seasonal variations, which involves

several immune response genes that are differentially expressed

during the winter and summer seasons (61). This upregulation or

downregulation of immune response genes during different

seasonal cycles indicates that they are trying to maintain immune

homeostasis under different physiological conditions due to

different seasonal cycles (62). When these seasonally differentially

expressed immune response genes are overlapped with GWAS and

candidate gene risk variants with seasonal cycles, one can possibly

resolve why, in the winter season, certain biological pathways

trigger the disease activity pertaining to RA pathogenesis

(Table 4). The allelic risk variants in these genes may further

define the threshold ability to maintain immune homeostasis.

While assessing the GWAS genes, it was observed that the allelic

expression of some of these risk variants, based on the expression

quantitative trait locus (eQTL) expression extracted from the GTEx
TABLE 3 Candidate genes associated with Rheumatoid Arthritis in global populations.

Genes European Populations East Asian Populations South
Asian Populations

UK Spain Sweden Germany Denmark France Switzerland Japan Korea China North
Indians

South
Indians

TNF + + +

TNFRS1A + +

TNFRS1B + + +

IL-10 + + + + + + +

IL-1B + + + +

IL-1A + + + +

IL-18 + + +

IL-6 + + + + +

IL-
4 VNTRS

+ + + + +

CTLA-4 + + + + + +

CD-40 + + + +

MMP1 + + + +

MMP3 + + + +

LTA + +
fro
+ stands for Positively associated.
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data, had differential expression patterns (Figure 2). Even the

variation in the gene expression levels may be due to the burden

of variants and the linkage disequilibrium pattern of these causal

variants (63), which may cause more aggressive RA flares. The

overrepresentation of the genetic risk variants of PTPN6, IL-10, IL-

1b, and DNMT1 genes in RA was found to be upregulated, while

PTPRC, CCR6, and IL-6 genes (Figure 2) were downregulated

according to eQTL (https://gtexportal.org/home/datasets). In

addition to shared epitopes, other genetic markers associated with

RA include STAT4, TRAF1/C5, and PTPN22. These genes also play

a role in immune system regulation and inflammation, which are

key processes in RA development. The differential expression of

these risk variants will define the threshold of expression for

different seasons, which in turn will define the influence of

seasons on immune homeostasis, resulting in RA pathogenesis

and severity. Thus, seasonal variations coupled with genetic risk

variants can become the primary driver for immune response genes,

leading to a crosstalk as revealed by genetic and epigenetic studies.
Frontiers in Immunology 07
Evidence has shown that cytokine dysregulation is associated

with the development of RA (64). The expression pattern of

cytokine alterations depends on the tissue types and Th1 and Th2

responses, which are known to regulate the homeostatic balance in

the human immune system. The disarray in the cytokine levels can

lead to tissue destruction and bone erosions in RA. In rheumatic

conditions, IL - 6 pro-inflammatory cytokines predominate over

anti-inflammatory cytokines in the development of chronic

inflammation (65). In fibroblastic cells, the expression pattern of

IL - 6 cytokine was found to be downregulated compared to that in

other tissues, while the overexpression of the same cytokine was

observed in circulating blood. This pleomorphic pattern of cytokine

gene may be due to the disparity in allelic distribution (66) or

epigenetic interaction. The upregulation and downregulation of

pro-inflammatory and anti-inflammatory cytokines are completely

dependent on environmental conditions, and their activity during

immune responses is determined by the variants in the cytokine

genes. The eQTLs of the risk variants of immune response genes
FIGURE 1

Circos plot representing common and rare variants associated with rheumatoid arthritis susceptibility.
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and their allele-specific expression overlapped with the seasonal

cycle gene expression (Figure 2). Interestingly, the risk alleles do

indicate risk-specific thresholds for seasons, which may help in

understanding the variations in RA flares across seasons. Seasonal

variations can also impact the synergistic action of cytokine

expression by altering the physiological nature of immune cells,

which reflects the inflammatory responses in RA.

Among the HLA genes, HLA-B27 is considered to be the

diagnostic feature of RA, and the complications in RA associated

with uveitis have been reported to be higher with the seasonal
Frontiers in Immunology 08
fluctuations in November to February in the Indian population

(67). Thus, seasonal variations between months of the year, which

include differences in day length, UV index, humidity, and

temperature, potentially influence immune response genes that

are expressed independently and interactively. Evidence suggests

that HLA-B27 is also related to arthritic spondylitis, where HLA

was found to be highly associated with the winter season of the year

(68). The SEs linked with RA, disease phenotypes, and genetic

heritability can amplify the gene-dose-dependent variable, where

individuals carrying one or two SE-coding alleles have increased
FIGURE 2

eQTL gene expression patterns of risk variants associated with rheumatoid arthritis. eQTL, expression quantitative trait locus.
TABLE 4 Differential expression of immune genes and their corresponding rheumatoid arthritis-associated genes in response to seasonal variations.

Seasonal
variations

Immune genes upregulated
RA-associated
genes

Immune genes
downregulated

RA-associated
genes

Winter season

PTPRC, ALDH2, PLCB2, PLCG2, PPAP2B, RKCB,
PSME2, RASGRP1, LRCC1 IL - 32, IL - 2R, CL18,
CXCL9, AIM2, ADAMDEC1, ALOX5, CYFIP2, EDNRB,
EIF4E2, HLA-DOB, HLA-F, SDC1, FCGR3A, FCGR2A,
ARNTL, MAPK8, CCL18, TRAF3, PTPN6, CYP4FP, IL -
6, IL - 1B, TNF-alpha, SHMT2, DNMT1, TLR2, SOCS3,
TNFRSF10C, CXCR1, CXCR2, JAK2, FGR, CD22, NFKB1

PTPRC
PLCG2
FCGR3A
FCGR2A
DNMT1
IL-6
IL-1B
TNF-alpha
CCL18
CXCL9
JAK2
ARNTL
EDNRB

PTTG1, FZD2, IRF8,
PSMB8, PARP1, NAGA,
CCR5, TNFAIP8, IRF9,
CD46, IL15, CD38, IL -
10, TNF-R1, TNF-R11

CCR6
IL-10
CCR5
PARP1
IL-15
TNF-R1

Summer season
NUP55, EIF3J, PAIP1, HSPA9, RAE1, DDX6, SLU7,
NFKB1, PIK3CA, c19orf10, CUL2, SLU7, FRS2, MAPK1

MAPK1
HLA E, HLA A,
FOX1, APEH

HLA-A
FOX1
RA, rheumatoid arthritis.
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susceptibility to RA compared to SE-negative individuals with the

HLA-DRB1 gene (42). Hence, understanding the role of HLA genes

with different SEs and their association with various phenotypic

expressions (69, 70) and anti-CCP levels (46, 71, 72) in RA

individuals can help in resolving the HLA complexity in diseased

individuals. The mechanism of action of HLA and its interaction

with T cells in maintaining homeostatic balance in the immune

system is ambiguous. Evidence suggests that the HLA alleles do

reflect seasonal cycles, with HLA-DR3-positive cases showing a

seasonal diagnosis pattern for diabetes independent of age, while

DR3-negative cases showed an age-dependent seasonal pattern (73).

Thus, understanding the complexity behind the HLA genetics and

gene–environment interaction with seasonal variables could

provide a significant role of HLA SEs in RA origin. Therefore,

understanding the real mechanism behind the gene expression

pattern and its seasonal periodicities in RA and its severity may

resolve clinical and phenotypic heterogeneity.
Epigenetics of rheumatoid arthritis

Genetic architecture could explain the involvement of genetic

variants in resolving their role in RA pathogenesis and its

phenotypic variation to an extent, while RA is also reported to be

extensively influenced by gene–environment interaction. An

epigenetic mechanism is defined as the stable phenotypic change

resulting from a chromosomal alteration without changing the

DNA sequences (74). While several environmental factors are

reported to influence RA pathology, the scope of the present

perspective includes determining if seasonal variations can be

critical to RA pathogenesis and its seasonality. Epigenetic players

consist of epigenetic “writers” that modify DNA and histone

proteins, epigenetic “readers” with specific protein domains that

recognize DNA or histone marks, and then epigenetic “erasers” that

can remove the existing signals for new modifications (75, 76).

Many studies have suggested that frequent errors in epigenetic

phenomena lead to the miswriting, misreading, or defective removal

of epigenetic signals in a pathological condition (77). The

methy l a t i on o f CpG i s l ands w i th the i r hypo- and

hypermethylation, post-translational modifications to the amino-

terminal of histone proteins, and long non-coding RNA (lncRNA)

expression contributes to the major epigenetic events that are

mediated by the effect of gene–environment interaction (78, 79).

Therefore, understanding the epigenetic landscape of seasonal

variations and overlaying it with the seasonality of RA flares may

provide a novel insight into the molecular events associated with

seasonality in RA pathogenesis.
DNA methylation and histone modification
in rheumatoid arthritis

DNA methylation is an important epigenetic modification that

is involved in aberrant gene expression and transcript splicing.
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Methylation patterns in T cells, B cells, peripheral blood

mononuclear cells (PBMCs), and synovial fibroblastic cells could

provide a complete spectrum of epigenetic patterns of various

immune cells in the disease pathogenesis of RA (Table 5) (80).

Studies have suggested that in rheumatic conditions, abnormal

DNA methylation has been reported in the earlier stages of the

disease (81). Altered DNA methylation pattern influences the

physiological and functional characteristics of immune cells,

which directly or indirectly affects the overexpression of

inflammatory markers like RF and anti-CCP for RA severity.

Methylation that occurs in the various immune cells determines

the host’s immune responses toward a pathogenic condition. Global

DNA hypomethylation has been reported in immune cells like T

cells and monocytes in RA patients (82) and could be responsible

for the overexpression of inflammatory cytokines in the synovial

fluid (83). Studies have suggested that pro-inflammatory cytokines

could suppress DNMT gene expression in synovial fibroblasts,

giving more evidence to the global hypomethylation status of key

genes involved in RA pathogenesis. Methylation that occurs in the

CpG sites in immune cells shows the varying effects on gene

expression, where intragenic methylation is involved in the

regulation of alternative splicing mechanisms, the prevention of

spurious transcription, and the expression of regulatory ncRNA.

Hence, it is very important to know single cell types that are

predominantly involved in the epigenetic regulation of genes and

interpret the threshold of cell types that trigger biologically relevant

events in the immune system. Genome-wide DNA methylation by

microarrays revealed that alterations in B-lymphocytic cells

influence the ear ly progress ion of RA without drug

implementation compared to healthy controls (84). The promoter

region of the GWAS gene CTLA - 4 (−658 CpG) was found to be

hypermethylated in RA individuals, amplifying the aberrant

function of regulatory T cells where hypermethylation prevents

the binding of the nuclear factor of activated T cells (NF-AT) with a

cytoplasmic one, called NF-ATc2, which leads to the decreased

expression of the CTLA - 4 gene in RA patients (85). Other

microarray studies have identified 10 differentially methylated

CpG sites that are localized on 6p12.1 and form two separate loci

containing MHC, which also confirms the relevant role of DNA

methylation on these regions in determining RA (86). Thus,

heterogeneity in various cell populations expressing irregular

methylation patterns compared to healthy donors demonstrated

that the cg23325723 CpG promoter site methylation in PBMCs was

strongly associated with RA development (87). Moreover, DNA

methylation is a highly stable epigenetic phenomenon, and its cell-

type specificity provides an alternative path for cellular

deconvolution in clinical settings (88). Methylome studies on

synovial fibroblastic cells have also shown differentially

methylated loci that alter the epigenetic architecture of genes such

as TRAF2, TIMP2, CCR6, IL-6R, IL-1, STAT3, and TNFAIP8,

indicating their impact on biological pathways associated with cell

adhesion, movement, and signaling (83). The aberrant cytosine

methylation of the IL - 6 promoter in RA resulted in the reduction

of its transcription (89), while loss of cytosine methylation in the IL
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TABLE 5 Differential CpG methylated sites in T- and B-lymphocytic cells in rheumatoid arthritis.

Cell types Gene Chromosome CpG sites
Methylation

status

T lymphocytes

C1orf106 1 cg10092377 Hypermethylated

2 cg20891558 Hypermethylated

2 cg05890377 Hypermethylated

ARSB 5 cg24166916 Hypermethylated

6 cg23681866 Hypermethylated

6 cg24838316 Hypermethylated

6 cg26121931, cg15411272 Hypermethylated

HIST1H4D 6 cg21438527 Hypermethylated

DUSP22 6 cg03395511, cg11235426, cg15383120, cg 20619695 Hypermethylated

6 cg26121931, cg15411272 Hypermethylated

ZFP57 6 cg26021304 Hypermethylated

LSM5 7 cg26856631 Hypermethylated

16 cg04412904 Hypermethylated

T lymphocytes

TMEM9 1 cg16112880 Hypomethylated

3 cg01412404 Hypomethylated

PDHB 3 cg07576186 Hypomethylated

3 cg01412404 Hypomethylated

6 cg20228636, cg10471638, cg13835168 Hypomethylated

cg 1019916 Hypomethylated

DDO 6 cg11645539 Hypomethylated

MGMT 10 cg09993319 Hypomethylated

CCS 11 cg24851651 Hypomethylated

FBRSL1 12 cg12093005 Hypomethylated

GALNT9 12 cg05229598 Hypomethylated

14 cg 21792493 Hypomethylated

Whole blood
IL-10 1 cg14180511 Hypomethylated

cg04321197 Hypomethylated

B lymphocytes

ASB1 2 cg09969882 Hypomethylated

PCDH12 5 cg18849725 Hypomethylated

MSH5 6 cg23634079 Hypomethylated

MGMT 10 cg09993319 Hypomethylated

BARX2 11 cg22744587 Hypomethylated

CCS 11 cg24851651 Hypomethylated

GPR133 12 cg01008088 Hypomethylated

AHSP 16 cg08624915 Hypomethylated

PLEKHA4 19 cg15549821 Hypomethylated
F
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- 10 promoter correlated with the higher expression of IL - 10 (90).

Several factors may impact the variation in the methylation pattern

of these genes, which include weather fluctuations such as summer

and winter conditions, physical activities, and staple diet. Vitamin D

levels are known to have seasonal fluctuation, with the lowest in

winter possibly due to reduced exposure to sunlight and UV, which

can have important implications in bone metabolism and

immunomodulatory effects on immune cells, which are all

features of RA (91). Reduced vitamin D levels can be impacted by

the epigenome or can impact the epigenome in multiple ways, as

vitamin D signaling pathway genes have large CpG islands in their

promoter regions, and the VDR genes or their protein can

bidirectionally interact with chromatin modifiers or remodelers

(92). Therefore, understanding the role of seasonal cycles in

regulating the epigenome in the regulation of the expression of

biological pathways associated with immune responses in driving

RA pathology may be of tremendous interest.

Histone modifications are another important epigenetic mark that

affects gene expression, resulting in variation in cellular phenotype.

The epigenetic landscape of histones is modified through the

mechanisms of acetylation, methylation, citrullination,

phosphorylation, ubiquitinylation, and sumoylation, which can

represent open and closed chromatin structure (92). The open

chromatin structure makes chromatin accessible to transcription

factors and can significantly increase gene expression. These include

histone lysine residue acetylation (H3K9, H3K14, H4K5, and H4K16)

and methylation (H2BK5, H3K4, H3K36, and H3K79), and

phosphorylation of histone H3 threonine 3 (H3T3) and serine

(H3S10 and H3S28), as well as histone 4 serine 1 (H4S1) and

H2BK120 ubiquitinoylation. However, repressive histone marks

correlate with heterochromatin state and gene repression, which

include the methylation of H3K9, H3K27, and H4K20; the

ubiquitination of H2AK119; and the sumoylation of H2AK126,

H2BK6, and H2BK7 (93). The majority of the studies have focused

on the acetylation and methylation of histones, while the citrullination

of histones has also been reported in rheumatoid arthritis synovial

fibroblasts (RASFs) (94). It is difficult to exactly demonstrate the RA-

specific alterations of histone marks, as different types of histone

modifications are colocalized throughout the genome in order to

stabilize active or repressed chromatin states. To overcome this

challenge, often, the expression of histone acetyltransferases (HATs)

and histone deacetylases (HDACs) is studied. The activation of

HDAC in RA patients has been reported (95). The decreased

expression of HDAC1 and HDAC2 has been reported in RA

synovial tissues, indicating a shift toward hyperacetylation (96).

Active histone marks—including H4K4me3 and histone acetylation

—are widely seen in the promoter region of transcription factor T-box

transcription factor 5 (TBX5), and this TBX5 is also overexpressed in

the synovial fibroblasts in RA (97). The overexpression of TBX5 can

affect the expression of 790 genes, including IL-8, CXCL12, and

CCL20, which play critical roles as inducers and regulators of

chemokines, important in RA development. The presence of active

histone marks (H3K4me3 and H3K27me3) in the promoter of SFRP1

can increase the expression of SFRP1, leading to the inhibition of the

Wnt signaling pathway in synovial fibroblasts in RA (98). Higher
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levels of active H3K4me3 marks in promoters of MMP-1, MMP-3,

MMP-9, and MMP-13, along with reduced repressive modification

H3K27me3 in promoters ofMMP-1 andMMP-9, have been reported

in synovial fibroblasts in RA (99). Elevated levels of histone H4

acetylation have been associated with the upregulation of MMP-1 in

RA (100). These epigenetic signals in the genomic DNA are highly

dynamic and show highly differential expression patterns in each cell

type. Therefore, epigenetic profiling and unique mRNA expression

patterns will be highly specific in an individual cell type according to

various climatic conditions.
MicroRNA in rheumatoid arthritis

MicroRNAs are short non-coding RNAs that typically regulate

gene expression by either repressing the translation or causing the

degradation of multiple target mRNAs. In rheumatic conditions, a

set of miRNAs has been involved in the key regulation of

downstream and upstream signaling pathways and in controlling

chronic inflammation (101). MiRNA-24, miRNA-26a, and miRNA-

125a-5p have been proposed as a potential diagnostic panel with

sensitivity and specificity of 78.4% and 92.3%, respectively (102).

MiRNA-21 and miRNA-146a determine the pro-inflammatory

phenotype in RA by targeting Tregs (103, 104). MiRNA-146 and

miRNA-155 are best described in synovial fibroblasts in RA. The

increased expression of miRNA-203 (105), miRNA-221 (106),

miRNA-663 (107), miRNA-222, and miRNA-323-3p (108)

involved in immune processes has been reported in synovial

fibroblasts in RA. The decreased expression of miRNA-124a,

miRNA-34a∗ , miRNA-152, miRNA-375, and miRNA-22

contributes to RA development (109). Studies have shown that

serum miR-22 and miR-103a may predict RA development in

susceptible individuals, while serum miR-16, miR-24, miR-125a,

and miR-223 are indicators of early RA compared to established

RA. In contrast, serum miR-223 levels are associated with disease

activity and disease relapse. MiR-125b and miR-223 can act as drug

response prediction markers for RA treatment. MiRNA-326

influences the increased expression of autoantibodies. Some of the

miRNAs regulate other epigenetic events by targeting DNMTs,

mediating DNA hypomethylation. MicroRNAs 29, 29b, and 143 are

linked to the expression of DNMT3a and DNMT3b and indirectly

linked with DNMT1 (110).

The upregulated and downregulated miRNAs in the plasma,

PBMCs, and synovial fluid of rheumatic arthritis patients are linked

to various immune cells, as presented in Figure 3. A plethora of

miRNA alterations that occur in cell types or tissues involved in RA

pathogenesis are the consequence of disease progression. MiRNA

changes may be sensitive indicators of the effects of acute and

chronic environmental exposure. Therefore, miRNAs are valuable

novel biomarkers for exposure. These miRNAs can also act as

potential signatures and sensitive biomarkers for environmental

factors like temperature, climatic variation, radiation, and day and

length variations (111–118). It is possible that the reported miRNA

may be influenced by seasonal fluctuations, as gene expressions are

known to be influenced by seasons. To resolve this phenomenon, we
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FIGURE 3

Differential expression levels of miRNAs and their corresponding cell types involved in rheumatoid arthritis. Created in BioRender. Priya, K. (2025)
https://BioRender.com/l4bxpgr.
FIGURE 4

Venn diagram representing unique and common miRNA expression patterns during summer and winter seasons. Red: MiRNAs upregulated during
winter season. Green: MiRNAs upregulated during summer season. Blue: MiRNAs downregulated during winter season. Yellow: MiRNAs
downregulated during summer season.
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considered all the genes that are differentially expressed during the

summer and winter months and then verified how many of these

genes are involved in RA pathogenesis and which miRNAs target

these genes. Interestingly, some of these miRNAs have been

demonstrated to be influenced by seasonal cycles (Supplementary

Table 2) (107). The list of miRNAs that are uniquely and commonly

influenced by seasonal variations is shown in Figure 4 and

Supplementary Table 2. The miRNAs and their target genes are

extracted from the datalink (https://www.ccb.uni-saarland.de/

mirtargetlink2). From this, we extrapolated that miRNAs can be

differentially impacted by seasonal influences during the winter and

summer seasons, which in turn can influence gene expression.

These data show that miRNA expression is dependent on

seasonal shift, reflecting its role in the disease pathogenesis of RA.

This further adds to the evidence that seasonal cycles can disrupt

the gene–environment interaction modulated by epigenetic drivers

such as DNAmethylation, histone modification, and miRNA on the

genetically predisposed risk factors and thereby influence the

seasonal impact on RA.
Conclusion and future perspective

RA affects multiple joints with chronic inflammation and

increased disease activity. Seasonal patterns can impact the

phenotypes through genetic and epigenetic phenomena. Epigenetic

phenomena rely heavily on the genetic makeup of an individual,

which in turn will affect gene activity. In GWASs and candidate gene

studies, many of the common variants have been found to be

associated with RA, which will determine the genetic threshold of

an individual. The risk variants in the genes upon the environmental

trigger of seasons can trigger disease pathogenesis, increasing the

burden of the disease during certain seasons. Therefore,

understanding the contribution of genetic variants in genotype and

phenotype plasticity in response to seasonality is necessary to

understand the magnitude of the adaptive responses of an

organism to climatic fluctuation. Unlike genetic changes, epigenetic

modifications can also alter gene expression and lead to a spectrum of

cellular events, which facilitate the adaptation of individual cells to

their surroundings. Several lifestyle factors may modify epigenetic

phenomena that impact transgenerational epigenetic inheritance.

Therefore, understanding how these epigenetic modifiers

communicate with each other and alter DNA architecture and gene

expression is a key challenge in future treatment strategies in clinical

settings for better outcomes of diseased individuals.
Author contributions

KK: Writing – review & editing, Conceptualization, Software,

Investigation, Writing – original draft, Methodology, Funding
Frontiers in Immunology 13
acquisition, Visualization, Formal analysis, Validation, Resources,

Data curation. SR: Formal analysis, Writing – review & editing,

Software, Methodology, Investigation. SS: Writing – review &

editing, Methodology, Investigation, Visualization, Data curation,

Resources. MB: Supervision, Writing – review & editing,

Conceptualization, Writing – original draft, Methodology,

Investigation, Funding acquisition, Visualization, Resources,

Project administration, Validation, Formal analysis, Data curation.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. We acknowledge the

support from CSIR for a research fellowship and DST for a WISE

fellowship to KP and BRIC-DBT for the intramural support to MB.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1601767/full#supplementary-material
frontiersin.org

https://www.ccb.uni-saarland.de/mirtargetlink2
https://www.ccb.uni-saarland.de/mirtargetlink2
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1601767/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1601767/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1601767
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


E.K et al. 10.3389/fimmu.2025.1601767
References
1. Gibofsky A. Epidemiology, pathophysiology, and diagnosis of rheumatoid
arthritis: A Synopsis. Am J Manag Care. (2014) 20:S128–135.

2. van Delft MA, Huizinga TWJ. An overview of autoantibodies in rheumatoid
arthritis. J Autoimmun. (2020) 110:102392. doi: 10.1016/j.jaut.2019.102392

3. Vossenaar ER, Zendman AJW, van Venrooij WJ. Citrullination, a possible
functional link between susceptibility genes and rheumatoid arthritis. Arthritis Res
Ther. (2004) 6:1–5. doi: 10.1186/ar1027

4. Choi R, Lee SG, Lee EH. Intraindividual changes in rheumatoid factor and anti-
cyclic citrullinated peptide antibody tests in Korean patients visiting local clinics and
hospitals. J Clin Med. (2022) 11:832. doi: 10.3390/jcm11030832

5. Arend WP, Firestein GS. Pre-rheumatoid arthritis: predisposition and transition
to clinical synovitis. Nat Rev Rheumatol. (2012) 8:573–86. doi: 10.1038/
nrrheum.2012.34

6. Lawrence JS. Heberden Oration. Rheumatoid arthritis–nature or nurture? Ann
Rheum Dis. (1970) 29:357–79. doi: 10.1136/ard.29.4.357

7. MacGregor AJ, Snieder H, Rigby AS, Koskenvuo M, Kaprio J, Aho K, et al.
Characterizing the quantitative genetic contribution to rheumatoid arthritis using data
from twins. Arthritis Rheum. (2000) 43:30–7. doi: 10.1002/1529-0131(200001)43:1

8. Hawley DJ, Wolfe F F, Lue FA, Moldofsky H. Seasonal symptom severity in
patients with rheumatic diseases: a study of 1,424 patients. J Rheumatol. (2001)
28:1900–9.
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92. Fetahu IS, Höbaus J, Kállay E. Vitamin D and the epigenome. Front Physiol.
(2014) 5:164. doi: 10.3389/fphys.2014.00164

93. Karouzakis E, Trenkmann M, Gay RE, Michel BA, Gay S, Neidhart M.
Epigenome analysis reveals TBX5 as a novel transcription factor involved in the
activation of rheumatoid arthritis synovial fibroblasts. J Immunol. (2014) 193:4945–51.
doi: 10.4049/jimmunol.1400066

94. Araki Y, Mimura T. The mechanisms underlying chronic inflammation in
rheumatoid arthritis from the perspective of the epigenetic landscape. J.Immunol.Res.
(2016) 2016:6290682. doi: 10.1155/2016/6290682

95. Wang F, Chen FF, Gao WB, Wang HY, Zhao NW, Xu M, et al. Identification of
citrulli- nated peptides in the synovial fluid of patients with rheumatoid arthritis using
LC-MALDI- TOF/TOF. Clin Rheumatol. (2016) 35:2185–94. doi: 10.1007/s10067-016-
3247-4

96. Toussirot E, Abbas W, Khan KA, Tissot M, Jeudy A, Baud L, et al. Imbalance
between HAT and HDAC activities in the PBMCs of patients with ankylosing
spondylitis or rheumatoid arthritis and influence of HDAC inhibitors on TNF alpha
production. PloS One. (2013) 8:e70939. doi: 10.1371/journal.pone.0070939

97. Kawabata T, Nishida K, Takasugi K, Ogawa H, Sada K, Kadota Y, et al. Increased
activity, and expression of histone deacetylase1 in relation to tumor necrosis factor-
frontiersin.org

https://doi.org/10.1002/art.27366
https://doi.org/10.3389/fgene.2020.00424
https://doi.org/10.1038/nrg2809
https://doi.org/10.1056/NEJMp0808934
https://doi.org/10.1016/j.joclim.2024.100338
https://doi.org/10.15761/IMC.1000104
https://doi.org/10.1136/ard.57.4.231
https://doi.org/10.1111/j.1601-0825.2005.01179.x
https://doi.org/10.1016/s0008-6363(01)00434-5
https://doi.org/10.1016/s0008-6363(01)00434-5
https://doi.org/10.1093/rheumatology/kel414
https://doi.org/10.1136/ard.2010.144402
https://doi.org/10.1155/2020/5763080
https://doi.org/10.1038/ncomms8000
https://doi.org/10.1016/j.jaut.2017.06.001
https://doi.org/10.1590/1678-4685-GMB-2019-0278
https://doi.org/10.1590/1678-4685-GMB-2019-0278
https://doi.org/10.1016/j.cell.2016.10.018
https://doi.org/10.1007/s11033-020-05909-2
https://doi.org/10.1007/s11033-020-05909-2
https://doi.org/10.1186/s12864-016-2783-2
https://doi.org/10.4103/ijo.IJO_388_20
https://doi.org/10.1053/sarh.2002.32552
https://doi.org/10.1016/j.jaut.2005.09.005
https://doi.org/10.1016/j.jaut.2005.09.005
https://doi.org/10.1136/ard.2008.091355
https://doi.org/10.1007/BF00252407
https://doi.org/10.1038/nrrheum.2012.237
https://doi.org/10.1016/j.tig.2010.12.005
https://doi.org/10.1161/CIRCRESAHA.116.303630
https://doi.org/10.1186/1741-7015-12-35
https://doi.org/10.1016/j.rdc.2012.04.002
https://doi.org/10.1016/j.rdc.2012.04.002
https://doi.org/10.2217/epi-2019-0123
https://doi.org/10.2217/epi-2019-0123
https://doi.org/10.4414/smw.2016.14312
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1186/s13075-015-0748-5
https://doi.org/10.2217/epi.15.103
https://doi.org/10.1002/art.38715
https://doi.org/10.1002/art.39031
https://doi.org/10.1038/ng.1076
https://doi.org/10.1093/rheumatology/keu380
https://doi.org/10.4161/epi.1.1.2643
https://doi.org/10.1002/art.23758
https://doi.org/10.1038/aps.2011.98
https://doi.org/10.3389/fimmu.2021.683665
https://doi.org/10.3389/fphys.2014.00164
https://doi.org/10.4049/jimmunol.1400066
https://doi.org/10.1155/2016/6290682
https://doi.org/10.1007/s10067-016-3247-4
https://doi.org/10.1007/s10067-016-3247-4
https://doi.org/10.1371/journal.pone.0070939
https://doi.org/10.3389/fimmu.2025.1601767
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


E.K et al. 10.3389/fimmu.2025.1601767
alpha in synovial tissue of rheumatoid arthritis. Arthritis Res Ther. (2010) 12:R133.
doi: 10.1186/ar3071

98. Karouzakis E, Trenkmann M, Gay RE, Michel BA, Gay S, Neidhart M.
Epigenome analysis reveals TBX5 as a novel transcription factor involved in the
activation of rheumatoid arthritis synovial fibroblasts. J Immunol. (2014) 193:4945–
1951. doi: 10.4049/jimmunol.1400066

99. Trenkmann M, Brock M, Gay RE, Kolling C, Speich R, Michel BA, et al.
Expression and function of EZH2 in synovial fibroblasts: epigenetic repression of the
Wnt inhibitor SFRP1 in rheumatoid arthritis. Ann Rheumatol Dis. (2011) 70:1482–88.
doi: 10.1136/ard.2010

100. Araki Y, Wada TT, Aizaki Y, Sato K, Yokota K, Fujimoto K, et al. Histone
methylation and STAT3 differentially regulate IL - 6-induced MMP gene activation in
rheumatoid arthritis synovial fibroblasts. Arthritis Rheumatol. (2016) 68:1111–23.
doi: 10.1002/art

101. Maciejewska-Rodrigues H, Karouzakis E, Strietholt S, Hemmatazad H,
Neidhart M, Ospelt C, et al. Epigenetics and rheumatoid arthritis: the role of SENP1
in the regulation of MMP - 1 expression. J Autoimmun. (2010) 35:15–22. doi: 10.1016/
j.jaut.2009.12.010

102. Cunningham CC, Wade S, Floudas A, Orr C, McGarry T, Wade S, et al. Serum
miRNA signature in Rheumatoid Arthritis and “At -Risk Individuals. .Front.Immunol.
(2021) 12:633201. doi: 10.3389/fimmu.2021.633201

103. Murata K, Furu M, Yoshitomi H, Ishikawa M, Shibuya H, Hashimoto M,
et al. Comprehensive microRNA analysis identifies miR-24 and miR-125a-5p as
plasma biomarkers for rheumatoid arthritis. PloS One. (2013) 8:e69118. doi: 10.1371/
journal

104. Salehi E, Eftekhari R, Oraei M, Gharib A, Bidad K. MicroRNAs in rheumatoid
arthritis. Clin Rheumatol. (2015) 34:615–28. doi: 10.1007/s10067-015-2898-x

105. Zhou Q, Haupt S, Kreuzer JT, Hammitzsch A, Proft F, Neumann C, et al.
Decreased expression of miR-146a and miR-155 contributes to an abnormal Treg
phenotype in patients with rheumatoid arthritis. Ann Rheumatol Dis. (2015) 74:1265–
74. doi: 10.1136/annrheumdis-2013-204377

106. Stanczyk J, Ospelt C, Karouzakis E, Filer A, Raza K, Kolling C, et al. Altered
expression of microRNA-203 in rheumatoid arthritis synovial fibroblasts and its role in
fibroblast activation. Arthritis Rheumatol. (2011) 63:373–81. doi: 10.1002/art.30115

107. Yang S, Yang Y. Downregulation of microRNA-221 decreases migration and
invasion in fibroblast-like synoviocytes in rheumatoid arthritis. Mol.Med.Rep. (2015)
12:2395 – 401. doi: 10.3892/mmr.2015.3642
Frontiers in Immunology 16
108. Miao C, Shi W, Xiong Y, Yu H, Zhang X, Qin M, et al. MicroRNA-663 activates
the canonical Wnt signaling through the adenomatous polyposis coli suppression.
Immunol.Lett. (2015) 166:45–54. doi: 10.1016/j.imlet.2015.05.011

109. Pandis I, Ospelt C, Karagianni N, Denis MC, Reczko M, Camps C, et al.
Identification of microRNA-221/222 and microRNA-323-3p association with
rheumatoid arthritis via predictions using the human tumour necrosis factor transgenic
mouse model. Ann Rheumatol Dis. (2012) 71:1716–23. doi: 10.1136/annrheumdis-2011-
200803

110. Garzon R, Liu S, Fabbri M, Liu Z, Heaphy CEA, Callegari E, et al. MicroRNA-
29b induces global DNA hypomethylation and tumor suppressor gene reexpression in
acute myeloid leukaemia by targeting directly DNMT3A and 3B and indirectly
DNMT1. Blood. (2009) 1139:6411–8. doi: 10.1182/blood-2008-07-170589

111. Ng EK, TsangWP, Ng SS, Jin HC, Yu J, Li JJ, et al. MicroRNA-143 targets DNA
methyltransferases 3A in colorectal cancer. Br J Cancer. (2009) 101:699–706.
doi: 10.1038/sj.bjc.6605195

112. Vrijens K, Bollati V, Nawrot TS. MicroRNAs as potential signatures of
environmental exposure or effect: a systematic review. Environ Health Perspect.
(2015) 123:399–411. doi: 10.1289/ehp.1408459

113. Jia M, Wang Z. MicroRNAs as biomarkers for ionizing radiation injury. . Front
Cell Dev Biol. (2022) 10:861451. doi: 10.3389/fcell.2022.861451

114. Miguel V, Cui JY, Daimiel L, Espinosa-Dıéz C, Fernández-Hernando C,
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