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Abstract
Type 1 diabetes (T1D) is an autoimmune disease that resulted from the severe destruction of the insulin-producing b cells in the
pancreases of individuals with a genetic predisposition. Genome-wide studies have identified HLA and other risk genes associated
with T1D susceptibility in humans. However, evidence obtained from the incomplete concordance of diabetes incidence among
monozygotic twins suggests that environmental factors also play critical roles in T1D pathogenesis. Epigenetics is a rapidly growing
field that serves as a bridge to link T1D risk genes and environmental exposures, thereby modulating the expression of critical genes
relevant to T1D development beyond the changes of DNA sequences. Indeed, there is compelling evidence that epigenetic changes
induced by environmental insults are implicated in T1D pathogenesis. Herein, we sought to summarize the recent progress in terms
of epigenetic mechanisms in T1D initiation and progression, and discuss their potential as biomarkers and therapeutic targets in the
T1D setting.
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Introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease
characterized by absolute insulin deficiency coupled with
resultant hyperglycemia.[1] Both humoral and cellular
immune responses are involved in the pathogenesis of
T1D. After the early discoveries on humoral immunity in
T1D, several T1D-associated autoantibodies have been
identified, such as autoantibodies against insulin, glutamic
acid decarboxylase (GAD), islet-associated protein-2 (IA-
2), zinc transporter family member 8 (ZnT8), islet cell
autoantigen 69,000 Da (ICA69), and chromogranin A
(ChgA).[2] Autoantibodies can be detected months or even
years before the presence of clinical symptoms, and
therefore, they could serve as disease prediction markers
in susceptible individuals. The pathological hallmark of
T1D is insulitis, an inflammatory lesion of the islet
accompanied by the destruction of pancreatic b cells.[3]

The invading immune cells consist of various leukocytes,
including natural killer cells, myeloid cells, as well as
lymphoid cells such as CD4 and CD8 T cells, and B cells.
During the early stage of insulitis, myeloid populations
account for the majority of immunocytes, while lympho-
cytes gradually increase and become prominent as disease
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progression.[4] Importantly, the entry of regulatory T cells
(Tregs) was less than that of conventional T cells (Tconv),
which contributes to the imbalance of Tregs/Tconv in the
inflamed islets.[5] The infiltrated immunocytes are general-
ly observed within the islet parenchyma or in the islet
periphery (peri-insulitis), leading to a dialogue with the
insulin-producing b cells to commit the autoimmune
attack.[6] Epidemiological studies have shown that at least
1 in 300 children in western countries develops T1D by age
18 years.[7] The disease requires lifelong exogenous insulin
therapy coupled with the development of diverse compli-
cations such as cardiovascular diseases, peripheral neu-
ropathies, nephropathy, retinopathy, and poor wound
healing, thereby predisposing to a decline both in longevity
and quality of life.[8]

The inherited genetic factors are a major component
contributing to T1D pathogenesis. Currently, >60 suscep-
tible loci of T1D have been identified by genetic studies.
The HLA region, with its multiple genes and extreme
polymorphism at those loci, is responsible for 40% to 50%
of the genetic risk.[9] Moreover, multiple genetic variants
have also been reported to be associated with T1D,
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including INS, CTLA4, PTPN22, IL2RA, IFIH1,
CAPSL, IL7R, CLEC16A, and PTPN2. Similarly,
we reported that the small ubiquitin-like modifier 4
(SUMO4) confers T1D susceptibility in Asian popula-
tions.[10] However, other than genetic factors environ-
mental insults have also been noted contributing to T1D
risk, as evidenced by that monozygotic twins display a
discordance of T1D rate, especially for those manifested
T1D onsets with age >15 years.[11] It is believed that
epigenetic factors serve as a bridge to link risk genes and
environmental insults, thereby regulating the expression
of T1D susceptible genes involved in antigen presentation
(such as HLA), tolerance homeostasis (such as FOXP3
and CTLA4), autoreactive T cell response (such as
GAD65), and b-cell functions (such as INS).[12] There-
fore, T1D susceptibility is determined by the interplay of
multiple genes with environmental factors [Figure 1]. In
this review, we seek to elucidate how epigenetic factors
modulate T1D risk, and to discuss their potential as
biomarkers to monitor T1D initiation and progression,
or as therapeutic targets for intervention and treatment of
T1D in clinical settings.
Figure 1: Environmental exposures induce epigenetic changes in genetically predisposed subj
ncRNAs: Non-coding RNAs; T1D: Type 1 diabetes.
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Environmental Factors Trigger Autoimmunity in T1D Setting

As mentioned above, many environmental factors, includ-
ing viral infections, diet, gut microbiota, stress, and
chemicals, are significantly associated with the develop-
ment of autoimmune responses in T1D setting. For
example, The environmental determinants of diabetes in
the young (TEDDY), an ongoing observational cohort
study, was designed to identify environmental exposures
that may trigger islet autoimmunity and T1D in subjects at
high genetic risk.[13] The TEDDY study provided a unique
opportunity to shed light on the involvement of environ-
mental factors in the etiology of T1D.

Viruses, especially enteroviruses such as coxsackieviruses
(CVB) or echoviruses, have long been proposed as a
potential environmental trigger for T1D in both animal
and human studies.[14,15] However, the actual mechanisms
by which viral infections may impact islet cell survival/
function and contribute to T1D pathogenesis remains
unclear. Different mechanisms have been proposed
including direct cellular injury by cytolysis, molecular
ects to trigger the autoimmune destruction of the pancreatic b cells along with T1D onset.
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mimicry, phagocytosis of enterovirus-infected b cells,
endoplasmic reticulum (ER) stress, increased intestinal
permeability, loss of Tregs, and bystander activation,[16]

which exacerbate dysfunction and loss of beta cells.
Although the potential causative relationship between
viral infections and T1D has been established in mice,
epidemiological studies and conclusive trials to establish a
causative link in humans are currently lacking. If the
conclusive link is validated in humans, it would be feasible
to develop an enterovirus vaccine to prevent T1D.

Dietary factors that have been evaluated include breast-
feeding, the intake of cow’s milk, vitamin D, early
introduction of gluten, and food diversity during the first
year of life.[17] There are conflicting conclusions for their
role in the development of T1D, and some studies do not
provide sufficient evidence to prove a causal effect.
Nevertheless, most of the cohort studies showed that
breastfeeding and vitamin D had protective effects,
whereas cow’s milk and early introduction of gluten were
risk factors.[18] It is suggested that breastfeeding not only
decreased intestinal permeability but also provided the
protective effect against enteroviral infections mediated
primarily by maternal antibodies in breast milk.[19,20]

Conversely, early exposure to cow proteins increased
intestinal permeability, making it accessible to potential
T1D inciting exposures. Inflammation of the intestinal
mucosa[21] and a dysregulated immune response to oral
antigens[22] was also thought to mediate the predisposition
caused by cow’s milk. Intertwined with this concept is the
Figure 2: Schematic representation of main epigenetic mechanisms (Histone modifications [A],
non-coding RNA; miRNA: MicroRNA; ncRNAs: Non-coding RNAs; piRNA: PIWI-interacting RNA
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effect of gut microbiota. Gut microbiota is important for
nutrition metabolism, immunity, and neuroendocrine
responses. Animal studies have clearly shown that the
normal microbial consortium alleviated the progression of
autoimmune diabetes.[23] In humans, there appears to be a
trend of lower microbial diversity, as well as less
abundance of lactate- and butyrate-producing bacteria
to synthesize mucin and maintain gut integrity in T1D
subjects.[24,25]

Unfortunately, despite extensive effort has been devoted to
this field, current data obtained from past and ongoing
studies are yet to draw a clear conclusion for the exact
category of environmental exposures in T1D etiology.
Therefore, more comprehensive and prospective studies
with larger scale and carefully selected controls are needed
to fully clarify those environmental risks associated with
T1D pathoetiology.
DNA Methylation in T1D Pathogenesis

Epigenetics refers to all mitotically and meiotically
heritable changes in phenotype that are not caused by
the alterations of the genetic code.[26] The types of
epigenetic mechanisms generally consist of DNA methyl-
ation, post-translational modifications of histones, and
non-coding RNAs (ncRNAs), which affect chromatin
remodeling and accessibility of transcriptional machinery
to the genome or determine gene expression post-
transcriptionally [Figure 2].[27]
DNA methylation [B], and ncRNAs [C]) in the pathogenesis of type 1 diabetes. lncRNA: Long
; siRNA: Short-interfering RNA.
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DNA methylation is a biochemical process in which a
methyl group from the S-adenosyl-L-methionine (SAM) is
transferred onto the C5 position of cytosines.[28] The
process of DNA methylation is catalyzed by the DNA
methyltransferases (DNMTs) such as DNMT1, DNMT3a,
and DNMT3b. DNMT1 is involved in the maintenance of
DNA methylation during cell replication, whereas
DNMT3a and DNMT3b are de novo methyltransfer-
ases.[29] DNA methylation has been typically associated
with transcriptional repression,[28] and in addition to
transcriptional regulation, it is crucial for maintaining
genome integrity.[27] Recently, dysregulated DNA meth-
ylation has been found in autoimmune diseases such as
systemic lupus erythematosus (SLE), psoriasis, rheumatoid
arthritis (RA), systemic sclerosis (SSc), and T1D.[30-34]

However, DNA methylome could be affected by various
factors, among which diets and environmental insults play
an important role. There is increasing evidence that
environmental factors, genetic variants, drugs, and micro-
RNAs (miRNAs) impact the methylation levels of DNA to
implicate in the pathogenesis of autoimmune disorders.[35]

Comparative analysis of DNA methylation patterns
between monozygotic twin pairs who are discordant for
T1D onset enables the characterization of T1D risks
conferred byDNAmethylome-encoded information, which
highlights the role of epigenetic factors in T1D pathogene-
sis.[36] Indeed, genome-wide DNA methylation analysis of
purifiedCD14+monocytes (T1D-related effector cells) from
monozygotic twin pairs with discordant T1D onset
identified 132 T1D-methylation variable positions (T1D-
MVPs), including the HLA class II gene HLA-DQB1, the
strongest T1D susceptibility gene, and GAD2 which
encodes the known autoantigen (GAD65) involved in
T1D etiology.[37] As some of these T1D-MVPs are found in
individuals beforeT1Ddiagnosis, theymay occur very early
during the course of autoimmune development that leads to
overt T1D, which are unlikely caused by the antidiabetic
therapies or long-term metabolic changes.[37] Follow-up
studies also identified 88 CpG sites displaying significant
methylation changes in 3 T1D-discordant monozygotic
twin pairs, such as HLA, INS, IL-2RB, and CD226.
Collectively, those findings further support that altered
DNAmethylation is implicated in the pathogenesis of T1D.

Other thanHLA, the INS gene ranked second tobe thehigh-
risk gene for T1D susceptibility. Similarly, abnormal
methylation changes have also been noted in INS. Seven
CpG sites proximal to the transcription starting site (TSS) in
the promoter of the INS gene have been characterized, and
studies inT1Dpatients revealed a lower level ofmethylation
atCpG-19, -135, and -234, but a highermethylation level at
CpG-180 than that of controls.[38] Studies in NOD mice
found that cytokines could induce methylation changes in
the insulin DNA by enhancing the expression of methyl-
transferases,[39] whichwas confirmed by studies in humanb
cells in vitro.[39] Together, those data demonstrate that the
changes of DNA methylome in response to immunological
stressors may be a mechanism that affects insulin gene
expression during the progression of T1D.[39]

It is noteworthy that altered DNA methylation also
contributes to T1D risk by regulating the expression of
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autoimmunity-associated genes. For example, six CpG
sites are located within the proximal promoter of the
IL2RA gene, while studies in 252 T1D patients and 286
age-matched controls revealed that two CpG sites (�373
and �456) were characterized by the increased methyla-
tion levels in T1D patients when compared with that of
controls, and more interestingly, DNA methylation levels
at CpG-373 were correlated with 16 single-nucleotide
polymorphisms (SNPs) located within the IL2RA locus,
which is confirmed to be a T1D risk gene.[40] Similarly, we
found that DNA hypermethylation impairs TLR9-induced
Foxp3 expression in Tregs by attenuating IRF-7 binding
activity in fulminant T1D patients.[34] In line with this
observation, the FOXP3 promoter region was hyper-
methylated in CD4+ T cells originated from patients with
latent autoimmune diabetes in adults (LADA).[41] Alto-
gether, these findings highlight the importance of DNA
methylation in the initiation and progression of autoim-
mune responses coupled with b-cell destruction during the
course of T1D development, and more findings regarding
DNA methylation in T1D pathogenesis are listed in
Table 1.
Histone Modification in T1D Pathoetiology

The N-terminal tails of the histones are subject to an ever-
growing list of posttranslational modifications such as
methylation, acetylation, phosphorylation, deamination,
ubiquitylation, ADP ribosylation, and sumoylation.[42]

Among these biochemical modifications, histone methyla-
tion and acetylation are the most abundant and widely
studied. Methylation of lysine residues within histones is
regulated by the opposing action of two families of enzymes,
the methyltransferases (KMTs) and the lysine demethylases
(KDMs). Histone methylation represents either transcrip-
tionally active or repressive marks, depending on the
location of methylated lysine residues (eg, lysine 4, 9, 27, or
36) and the extent of methylation (eg, mono-, di-, or tri-
methylation).[27] Histone acetylation is highly dynamic and
regulated by histone acetyltransferases (HATs) and histone
deacetylases (HDACs). Histone acetylation leads to gene
activation, thus someHDAC inhibitors (HDACi) have been
extensively synthesized or naturally isolated as an approach
to increase the transcription of various genes, including
those involved in immune disorders.[43-45]

A growing body of evidence now supports that histone
modifications are relevant to autoimmune disorders
and particularly to T1D development. Comparative
analysis of genome-wide histone H3 lysine 9 dimethylation
(H3K9me2) patterns in blood lymphocytes and monocytes
between T1D patients and healthy controls indicated a
significant increase in H3K9me2 in a subset of genes in
lymphocytes, includingCLTA4, a T1D susceptibility gene,
which encodes a T cell receptor to regulate apoptosis.[46]

Ingenuity pathway analysis characterized two high-scoring
networks which comprise genes with manifestations of
altered H3K9me2, and many of which are associated with
autoimmune and inflammatory-related pathways, such as
TGF-b, NF-kB, p38 MAPK, TLR, and IL-6.[46] Moreover,
hyperglycemia also seems to impact chromatin structure
by affecting histone methylation. For example, in models
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Table 1: Alterations of DNA methylation in T1D

Genes Cell types Main findings References

UNC13B Whole blood Involved in exocytosis, hypermethylation is associated with
the risk of diabetic nephropathy in T1D

[96]

INS Peripheral blood samples DNA methylation near the INS gene is associated with INS
genetic variation (rs689) and T1D

[97,98]

Human islets Relevant to insulin secretion
IL-2RA WBCs or tissue samples CpGs (-373 and -456) showed increased methylation in T1D

patients, associated with Tregs

[40]

Amylin DNA b cells in the islet Demethylated cfDNA may serve as a biomarker of b-cell
death in T1D

[86]

FOXP3 Tregs FOXP3 promoter region was hypermethylated, FOXP3
expression was decreased, contributing to the pathogenesis
of T1D

[34,41]

TNF CD14+ cells Hypermethylated in T1D, encodes protein TNF, a key
inflammatory cytokine associated with T1D in animal
models

[37]

TRAF6 CD14+ cells Hypermethylated in T1D, involved in NF-kB and MAPK
kinase activation

[37]

CD6 CD14+ cells Hypermethylated in T1D, critical for T activation [37]

HLA-DQB1 CD14+ cells Hypomethylated in T1D, carries the highest single genetic
risk for T1D, involved in presenting peptides from
extracellular proteins

[37]

NFKBIA CD14+ cells Hypomethylated in T1D, an important regulator of
apoptosis and inflammatory immune responses

[37]

GAD2 CD14+ cells Hypomethylated in T1D, encodes GAD65, a major T1D
autoantigen involved in disease etiology

[37]

cfDNA: Circulating free amylin DNA; T1D: Type 1 diabetes; Tregs: Regulatory T cells; WBCs: Whole blood cells.
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of transient hyperglycemia, the active transcriptional state
of the NFkB-p65 gene is characterized by the enhanced
H3K4 and reduced H3K9 methylation as a result of prior
hyperglycemia.[47]

In addition to histone methylation, aberrant histone
acetylation is also involved in T1D pathogenesis. Studies
revealed that the expression of histone deacetylase genes is
reduced in the CD4+ T cells from patients with new-onset
T1D.[48] On the contrary, a concerted downregulation of
histone H3 acetylation was found in CD4+ T lymphocytes
from patients with LADA, a form of T1D that occurs in
adults with a slower course of onset.[49] Marked variations
in H3K9Ac levels at the upstream regions of the HLA-
DRB1 and HLA-DQB1 genes were observed in T1D
monocytes when compared with controls, implying that
the promoter/enhancer architecture and chromatin status
of key susceptible loci could be important determinants in
their functional association to T1D susceptibility.[50]

In line with the above observations, FR901228, anHDACi
can inhibit hyperglycemia and reverse diabetes in newly
diagnosed diabetic NOD mice.[51] Consistently, treatment
of NOD mice during the transition from prediabetic to the
diabetic stage with the well-characterized histone deace-
tylase inhibitor, trichostatin A (TSA), effectively reduced
the incidence of diabetes.[52] Mechanistically, protection
against diabetes was accompanied by the histone hyper-
acetylation in the pancreas and spleen, and with the
manifestation of higher frequency of splenic CD4+CD62L+

cells, but lower inflammatory infiltration in the islets
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coupled with the restoration of normoglycemia and
glucose-induced insulin release by b cells.[52] On the
contrary, TSA prevented the differentiation of human
Tregs into IL-17-producing cells, suggesting that histone
acetylation underlies Treg plasticity.[53] Furthermore,
HDACs have been noted with different regulatory roles
in mediating cytokine-induced b-cell apoptosis.[54] Collec-
tively, all those data support that histone modifications
play a vital role in T1D pathogenesis [Table 2].
Impact of ncRNAs on T1D Development

ncRNAs are functional RNA molecules that are tran-
scribed from DNA but are not translated into proteins.
Epigenetic-related ncRNAs include miRNA, short-inter-
fering RNA (siRNA), PIWI-interacting RNA (piRNA), and
long non-coding RNA (lncRNA).[55] miRNAs are an
abundant class of approximately 22-nucleotide regulatory
RNAs that are responsible for the regulation of about 60%
of all mRNAs. miRNAs perform their functions by binding
to the 30-untranslated region (UTR) of target mRNA
transcripts, leading to mRNA cleavage or repression of
productive translation.[56] miRNAs are important epige-
netic mechanisms involved in regulating cell differentia-
tion, cell cycle, apoptosis, and immune responses, thereby
influencing the pathogenesis of many human dis-
eases.[57-60] lncRNAs represent a type of long transcribed
RNA molecules that are longer than 200 nucleotides.
Unlike miRNAs, lncRNAs localize both in the cytoplasm
and nucleus and can either negatively or positively regulate

http://www.cmj.org


Table 2: Summary of studied histone modifications in T1D

Genes Modification alterations Effects References

HDAC Decreased expression in human CD4+ T
cell

Regulation of transcription [48]

HLA-DRB1 and
HLA-DQB1

Increased H3K9 acetylation in monocytes H3K9Ac status may be relevant to their regulation
and transcriptional response toward external
stimuli

[50]

H4 Increased acetylated histone H4 in
monocytes

Potentially reduces endothelial dysfunction, vascular
remodeling, and atherothrombotic events

[99]

NFkB-p65 Enhanced H3K4 and reduced H3K9
methylation

Involved in the inflammatory responses, plays a key
role in regulating the immune response to infection

[47]

CTLA4 Increased H3K9me2 methylation in T1D
lymphocytes

Enhances T cell activation [46]

T1D: Type 1 diabetes.
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gene expression by physically interacting with DNA
(chromatin), RNA [mRNAs, miRNAs, circular RNAs
(circRNAs)], and proteins.[61] lncRNAs are the rapidly
expanding fields because their aberrant expression has
been linked to a wide spectrum of disorders, and a few
lncRNAs have been linked to the regulation of immune
responses, for example, cytokine production, dendritic cell
differentiation, and T cell development.[62-64]

Recent studies demonstrated evidence that miRNAs are
implicated in autoimmune initiation, b-cell dysfunction,
and apoptosis, which contribute to the development of
T1D [Table 3]. For example, miR-326 is expressed at
higher levels in the peripheral blood lymphocytes from
T1D subjects, in which levels of this miRNA were highly
correlated with ongoing islet autoimmunity and disease
severity.[65] Similarly, miR-326 is highly correlated with
disease severity in patients with multiple sclerosis and mice
with experimental autoimmune encephalomyelitis (EAE).
Mechanistically, miR-326 promotes Th17 differentiation
by targeting erythroblastosis virus E26 oncogene homolog
1 (Ets-1) and its overexpression leads to higher severity of
EAE, pointing to a more general role for miR-326 in
autoimmunity.[66] miR-98, miR-23b, and miR-590-5p
were found to be overexpressed in T1D patient-derived
CD8+ T cells, and transfection of these miRNAs into
primary T cells reduces FAS and TRAIL mRNA, and
therefore, repression of pro-apoptotic pathways by these
miRNAs contributes to the unrestricted expansion of
diabetogenic cytotoxic T cells.[67] Tregs are critical
regulators of autoimmune diseases, including T1D. The
expression of miRNA-510 is significantly increased, both
miRNA-342 and miRNA-191 expression are decreased in
Tregs originated from T1D patients.[68] A recent study
further revealed that miR142-3p is induced in islet
autoimmunity and a miR142-3p/Tet2/Foxp3 axis impairs
Treg differentiation and stability in models of T1D.[69]

More interestingly, analysis of miRNAs in cytokine-
mediated b-cell cytotoxicity revealed that miR-21, miR-
34a, and miR-146a could be novel players in b-cell failure
elicited in vitro and in vivo by proinflammatory cytokines,
notably during the development of peri-insulitis that
precedes overt diabetes in NOD mice.[70] However,
validation of these discoveries is necessary, as Ruan
et al.[71] reported that c-Rel and p65 of the NF-kB family
1036
activate themir21 gene promoter to increase miR-21 RNA
levels in the pancreatic b cells, which in turn decreases
PDCD4 to induce b-cell death through the Bax family of
apoptotic proteins. Furthermore, altered expression of
miR-29 family members contributes to cytokine-mediated
b-cell dysfunction occurring during the initial phases of
T1D, which is associated with diminished expression of the
transcription factor Onecut2 coupled with the expression
of Granuphilin, an inhibitor of b-cell exocytosis.[72] More
recently, studies found that miR-142-3p, miR-142-5p, and
miR-155 derived from exosomes released by effector T
cells could be transferred into rodent and human
pancreaticb cells, thereby triggering chemokine expression
and apoptosis in b cells. As a result, the blockade of these
miRNAs in recipient b cells prevents exosome-mediated
apoptosis and decreases diabetes incidence in NOD
mice.[73] These data suggest that the transfer of T cell
exosomal-miRNAs could be a novel mechanism leading to
T1D development.[73]

Other than miRNAs, lncRNAs have also emerged as
important players in diverse biological processes, such as
cell cycle progression, immune surveillance, genomic
imprinting, and embryonic stem cell pluripotency.[74,75]

As such, there is also feasible evidence that lncRNAs are
implicated in T1D pathogenesis. Particularly, analysis of
the pancreatic islets and b-cell transcriptome characterized
>1000 lncRNAs in both humans and mice, most of which
are islet-specific and dynamically regulated by glucose.[76]

Studies further revealed that lncRNA mouse maternal
expressed gene 3 (Meg3) may function as a novel regulator
to maintain b-cell identity by affecting insulin production
and cell apoptosis, and Meg3 in the islets was decreased in
T1D (female NOD mice) and T2D (db/db mice)
animals.[77] Additionally, GWAS identified that an SNP
(rs941576: A>G) located in an intron of MEG3 is tightly
linked to T1D.[78] Studies in a b-cell line, MIN6 cells,
found thatMIN6 cells express a large number of lncRNAs,
and proinflammatory cytokine stimulation induced signif-
icant changes in many of those lncRNAs. Studies in four
selected lncRNAs revealed that their expression increases
along with the development of insulitis in NOD mice to
promote b-cell apoptosis.[79] All lncRNAs potentially
associated with T1D are listed in Table 4, which may
provide an exciting opportunity to advance our under-
standing of T1D pathogenesis.

http://www.cmj.org


Table 3: miRNAs dysregulated in T1D

miRNAs Origins Effects Targets References

miR-326 Peripheral blood
lymphocytes (+)

Associated with a state of ongoing
autoimmunity

Ets-1, VDR [65]

miR-21 b cells (+) NF-kB�miR-21�PDCD4 axis controls islet
b-cell death

PDCD4 [71,100]

PBMCs (�)
miR-146 Cytokine treated islets

(+), NOD mice islets,
MIN6

Contribute to cytokine-mediated b-cell
dysfunction

TRAF6, IRAK1 [70,72,101]

miR-34a VAMP2, BclII
miR-29a/b/c Mcl1
miR-101a Neurod1
miR-30b Neurod1
miR-375 Islet-specific miRNA A potential biomarker of b-cell death and

predictor of diabetes
? [102]

Serum (+)
miR-25 Serum (+) Negatively associated with residual b-cell

function, positively associated with
glycemic control (HbA1c)

Bim and Trail [103]

miR-181a Serum (+) Mediates pancreatic b cells dysfunction SMAD7 [104]

miR-503 b cells (+) Knockdown of miR-503 enhances insulin
secretion of pancreatic b cells, promotes
cell proliferation, and protects cells from
apoptosis

mTOR pathway [105]

microRNA-16-5p,
-17-5p, and -20a-5p

Plasma (+) Novel diagnostic biomarkers for gestational
diabetes mellitus

? [106]

miR-24, miR-26,
miR-182, and miR-148

b cells Specific knockdown of miR-24, miR-26, miR-
182, or miR-148 in cultured b cells or
isolated primary islets downregulates
insulin promoter activity and insulin
mRNA levels

Bhlhe22, Sox6 [107]

miR-33a b cell Influences insulin secretion ABCA1 [108]

miR-125a-5p Tregs (+) Increased expression of miR-125a-5p on
Tregs results in reduced CCR2, thus
limiting their migration and eventual
function in the pancreas

CCR2 [109]

(+), increased; (�), decreased; ?, unknown function. Ets-1: Erythroblastosis virus E26 oncogene homolog 1; miRNAs: MicroRNAs; T1D: Type 1
diabetes; Tregs: Regulatory T cells; VDR: Vitamin D receptor.
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More recently, other types of ncRNAs, such as circRNAs,
also receive increased attention in T1D pathogenesis.
circRNAs are a class of covalently closed, single-stranded
circular transcripts with no 50 caps and 30 poly (A) tails.
They can regulate gene expression at transcriptional or
post-transcriptional levels. Increasing evidence has
shown that circRNAs exert an important effect on
immune diseases, including multiple sclerosis,[80]

SLE,[81] and T1D.[82,83] Recently, hsa_circ_0060450
was reported to release its target gene, SHP2, which
suppresses the JAK-STAT signaling pathway triggered by
type I interferon, thereby inhibiting macrophage-mediat-
ed inflammation in T1D.[83] Similarly, Arraystar human
circRNA microarray characterized 93 differentially
expressed circRNA in the peripheral blood between
T1D patients and controls.[82] Among which, hsa_-
circ_0072697may get involved in 50 circRNA–miRNA–
mRNA signaling pathways associated with diabetes,
such as hsa_circ_0072697–miR-15a–UBASH3A net-
work, and five circRNAs (hsa_circ_0071224, hsa_-
1037
circ_0002437, hsa_circ_0084429, hsa_circ_0072697,
and hsa_circ_0000787) in T1D are considered to have
the most coding potential.[82] Together, these results
suggested a possible implication of circRNAs in T1D
pathogenesis. However, experiments at the cell, tissue,
and individual levels are necessary to reach a definite
conclusion for their role in T1D pathoetiology.

Epigenetic Biomarkers and Therapeutic Targets in T1D
Setting

Given the fact that epigenetic mechanisms regulate gene
expressions, which in turn determine the dynamic
molecular and cellular events during different stages of
T1D, epigenetic factors could be sensitive biomarkers to
monitor T1D progression and drug response. In addition,
the reversible dynamic changes of epigenetic properties
also support that some epigenetic genes could be viable
targets for T1D prevention and treatment in clinical
settings.
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Table 4: lncRNAs that have been implicated in T1D

lncRNAs Cell types Effects References

NONMMUT036704 Pancreatic b-cell line
(MIN6)

Upregulated after MIN6 cells exposed to the
proinflammatory cytokines, may play an important role in
the development of T1D through the regulation of NGAL

[110]

NONMMUT034373 MIN6 Upregulated after MIN6 cells exposed to the
proinflammatory cytokines, sense overlap PD-L1

[110,111]

IGF2-AS b cells Potentially promotes b-cell proliferation [112,113]

MEG3 b cells A novel lncRNA regulator of insulin synthesis, secretion, and
sensitivity

[77,114]

PVT1 A variety of renal
cell types such as
mesangial cells

It can increase proliferation and inhibit apoptosis in multiple
cell types, associated with ESRD attributed to T1D

[115,116]

HI-LNC25 b cells A b cell-specific lncRNA downregulates GLIS3 mRNA, thus
exemplifies a gene regulatory function of islet lncRNAs

[76]

blinc1 (HI-LNC15) b cells Necessary for the specification and function of insulin-
producing b cells, deletion of blinc1 results in defective
islet development and disruption of glucose homeostasis in
adult mice

[117]

MIN6 cells
PLUTO (HI-LNC71) b cells Affects local 3D chromatin structure and transcription of

PDX1, thereby modulates the PDX1-dependent
transcriptional program

[118]

EndoC-bH1
Tunar (HI-LNC78) b cells A glucose-regulated islet transcript reduces insulin content

and, consequently, impairs glucose-stimulated insulin
secretion after knockdown of HILNC78

[118]

EndoC-bH1
MALAT1 Endothelial cells MALAT1 knockdown could obviously ameliorate diabetic

retinopathy in vivo and regulate retinal endothelial cell
proliferation, migration, and tube formation in vitro

[119,120]

TUG1 b cells Downregulation of lncRNA TUG1 expression affects
apoptosis and insulin secretion in vitro and in vivo.
lncRNA TUG1 may represent a factor that regulates the
function of pancreatic b cells

[121]

blinc1: b-cell long intergenic non-coding RNA 1; ESRD: End-stage renal disease; IGF2-AS: Insulin-like growth factor 2 antisense RNA; lncRNAs: Long
non-coding RNAs; MALAT1: Metastasis-associated lung adenocarcinoma transcript 1; NGAL: Neutrophil gelatinase-associated lipocalin; PD-L1:
Programmed death-1 ligand-1; PVT1: Plasmacytoma variant translocation 1; T1D: Type 1 diabetes.
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In general, circulating miRNAs are ideal biomarkers to
monitor T1D initiation and progression as they do not
degrade readily and can be detected non-invasively in body
fluids. Indeed, some miRNAs with altered expressions are
featured in a particular type of autoimmune disease. For
example, miR-125b andmiR-146a are specific for the SLE,
miR-24 is featured in RA, while miR-130a and miR-181a
are specific in T1D.[84] Furthermore, analysis of the
miRNA expression profile revealed that miR-103a-3p,
miR-155-5p, miR-200a-3p, and miR-210-3p are upregu-
lated, while miR-146a-5p is downregulated in recently
diagnosed T1D patients or in T1D patients with ≥5 years
of diagnosis.[85] Additionally, miRNAs were shown to
predict T1D-related complications. Similarly, methylated
DNA has also been found to be potential biomarkers
during T1D development. Specifically, circulating unme-
thylated insulin and amylin DNA are increased in recent-
onset T1D patients, and detection of circulating b cell-
derived DNA could be a viable approach to monitor b-cell
destruction during the course of T1D development, and to
assess bmass loss during T1D progression.[86,87] Although
1038
the above-mentioned epigenetic signatures are likely to be
promising biomarkers for T1D prediction and diagnosis,
their applications in clinical settings, however, are still
awaiting further studies.

More recently, compounds with the capability to block
epigenetic changes are developed as potential new drugs
(named epidrugs) against autoimmune disorders.[88] A
typical example is the DNA demethylation agent, 5-Aza-
20-deoxycytidine (DAC), which has been widely used in
cancer models and patients but now is found to exert a
powerful beneficial effect on T1D.[89]Moreover, inhibition
of KDM6 demethylases using a selective inhibitor, GSK-J4,
protects b cells against autoimmune-induced dysfunction
and apoptosis.[90] Currently, HDACi are the most widely
studied epidrugs. HDACi are orally active, safe, and well-
tolerated at low doses and some of them are currently
being tested in clinical trials on cancer and inflammatory
diseases.[91,92] As aforementioned, TSA, the well-charac-
terized HDACi, protects mice against autoimmune diabe-
tes.[52,93] Similarly, the clinically well-tolerated lysine
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deacetylase inhibitors (KDACi), vorinostat and givinostat,
revert diabetes in NOD mice by attenuating autoimmune
responses and protecting b cells from destruction.[94] In
fact, one of the possible mechanisms for antidiabetic drug
metformin is the deacetylation of non-histone and histone
proteins, in which metformin activates SIRT-1, a protein
deacetylase.[88] Similarly, SIRT-1 could also be an
epigenetic target of fenofibrate (a drug against hyperlipid-
emia) and resveratrol (a red wine compound with
antioxidant function). Administration of resveratrol not
only prevented the reduction of SIRT-1 but also SIRT-2,
SIRT-3, and SIRT-5 in the T1D rat heart. Therefore, SIRT-
1 could be a viable target for the intervention of cardiac
complications in T1D.[95] Together, these discoveries
provided a rationale for clinical trials of the safety and
efficacy of those epidrugs in the T1D setting.
Summary

T1D usually occurs in genetically susceptible individuals
and is triggered by environmental factors. Therefore, it is
crucial to understand the interaction between genetic
susceptibility and environmental factors to define risk
levels and to develop therapeutic strategies. Nowadays, the
field of epigenetics has drawn extensive attention world-
wide, as it serves as a bridge to link genetic factors and
environmental triggers. Indeed, environmental insult-
induced epigenetic changes modulate the expression of
critical genes relevant to the initiation and progression of
autoimmunity and b-cell destruction, and therefore, are
implicated in T1D pathogenesis. Albeit exciting results
have been achieved recently, forceful longitudinal follow-
up studies should be carefully designed to exactly ascertain
to what extent alterations in epigenetic factors influence
islet autoimmunity and T1D progression. Unlike genetic
hardwiring, epigenetic changes following environmental
exposures are a reversible process, and as a result, those
changes could be erased through specific mechanisms,
which rendered them potential biomarkers to monitor
T1D initiation and progression. More importantly,
epigenetic changes encode somatically heritable informa-
tion, which makes them good therapeutic candidates for
the establishment of innovative therapies with epidrugs
against T1D in clinical settings.
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