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b cell dysfunction and failure are driving forces of type 2 diabetes mellitus (T2DM)
pathogenesis. Investigating the underlying mechanisms of b cell dysfunction may
provide novel targets for the development of next generation therapy for T2DM.
Epigenetics is the study of gene expression changes that do not involve DNA sequence
changes, including DNA methylation, histone modification, and non-coding RNAs.
Specific epigenetic signatures at all levels, including DNA methylation, chromatin
accessibility, histone modification, and non-coding RNA, define b cell identity during
embryonic development, postnatal maturation, and maintain b cell function at
homeostatic states. During progression of T2DM, overnutrition, inflammation, and other
types of stress collaboratively disrupt the homeostatic epigenetic signatures in b cells.
Dysregulated epigenetic signatures, and the associating transcriptional outputs, lead to
the dysfunction and eventual loss of b cells. In this review, we will summarize recent
discoveries of the establishment and disruption of b cell-specific epigenetic signatures,
and discuss the potential implication in therapeutic development.

Keywords: epigenetic, beta cell dysfunction, histone acetylation, non-coding RNAs, DNA methylation,
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INTRODUCTION

Diabetes is a chronic metabolic disease characterized by elevated blood glucose levels and inducing
serious damage in macrovascular and microvascular systems. According to the International
Diabetes Federation (IDF) Diabetes Atlas (9th edition), worldwide population of diabetes
mellitus patients reached 463 million in 2019, and is estimated to reach 578 million by 2030, and
700 million by 2045 (1). In the past three decades, the prevalence of Type 2 Diabetes Mellitus
(T2DM), the most prevailing form (90-95%) of diabetes, has risen dramatically (1).

T2DM is characterized by insulin resistance and impaired insulin secretion from pancreatic b cells.
In the past decade, b-cell dysfunction has been recognized as a driving force in T2DM (2). T2DM has
a strong genetic component and is the result of the complex interplay between genes and the
environment. Remarkably, the concordance rate of T2DM in monozygotic twins is about 70%, while
the concordance in dizygotic twins is only about 20%–30% (3). In the past decades, genome-wide
association studies (GWAS) has established linkage between T2DM and multiple genes regulating
b-cell proliferation (4) and b-cell lineage determination (5) (e.g., Pdx1, Nkx6.1, and Mafa). However,
the identified coding region SNPs are still insufficient to explain the heritability of T2DM (6, 7),
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as the majority of SNPs identified in GWAS studies are located in
non-coding regions (8). A series of recent studies indicated that
the GWAS identified SNPs are enriched in the b cell-specific cis-
regulatory regions (9–11). In this framework, understanding the
epigenetic dynamics of the regulatory regions in homeostatic and
dysfunctional b-cells may offer insights into the interplay between
environmental parameters and the genetics of T2DM. This review
will focus on the biological function of epigenetic regulation
including: chromatin accessibility, histone modifications, DNA
methylation, and non-coding RNAs in human and rodent
pancreatic b cell homeostasis and pathogenesis.
THE MAJOR CLASSES OF EPIGENETIC
MODIFICATION AND THEIR ROLES IN
REGULATING b CELL DYSFUNCTION

Chromatin Modifications and Accessibility
In eukaryotes, histones and DNA assemble into nucleosomes.
Due to the difference in amino acid composition and molecular
weight, histones are mainly divided into 5 categories: H1, H2A,
H2B, H3 and H4. Except for H1, the other four histones all
combine in the form of dimers to form the core of nucleosomes.
DNA is wrapped around the core of the nucleosome. H1 binds to
the linker DNA between the nucleosomes. N-terminal tails of
histones are subject to various post-translational modifications
including: acetylation, methylation, and ubiquitinoylation of
lysine (K), methylation of arginine (R), and phosphorylation of
serine (S) and threonine (T) (12), that can impact gene
expression by altering chromatin structure or recruiting
histone modifiers. The state of the chromatin structure is
regulated by histone-modifying enzymes, which chemically
change histone tail residues (13).

Histone acetylation is one of the extensively studied histone
modifications in b-cell adaptation (14). The acetylation on lysine
is modified, or removed, by histone acetyltransferase (HAT) and
histone deacetylases (HDAC). Acetylation of lysine on histone
tails removes the positive charge on the histones to weaken the
interaction between the positively-charged histones and the
negatively-charged DNA. The lysine acetylation also creates
docking sites for reader proteins in addition to increased
accessibility of chromatin for transcription factor (TF) binding
resulting in downstream gene expression changes (13). The
acetylation of histones have been associated with islet
development, function, and the development of T2DM.
Histone H3 lysine 27 acetylation (H3K27ac), a mark associated
with active enhancers, is decreased in both 2-week and 10-week
intrauterine growth retardation (IUGR) rats which is associated
with increased risk of adulthood T2DM (15). The association
between H3K27Ac, gene expression changes, and functional
defects in pancreatic islets have been described in high fat diet
induced obese mice (16). To establish the causality between
histone acetylation and islet function, many studies have utilized
the comprehensive collection of HDAC inhibitors. Haumaitre
et al. (17, 18) studied the role of HDAC in rat embryonic
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pancreatic development, and found that HDAC inhibitors
reduce the differentiation of pancreatic exocrine cells and
increase Neurogenin 3 positive (Ngn3+) endocrine progenitor
cells. These studies demonstrated that the dynamic changes of
histone acetylation have a crucial effect on the final number of
different types of endocrine cells (i.e.: a, b, d, ϵ, PP cells). In
addition to lineage specification, a series of studies [reviewed in
(19)] also showed that HDACs are crucial in diabetes
pathogenesis, as selective HDAC inhibitors are able to increase
the insulin secretion function of b-cells, or expansion of b cell
mass (20, 21). Pan class I HDAC (HDACs located exclusively in
the nucleus) inhibitors, such as vorinostat (SAHA), and TSA,
have been reported to reduce b cell apoptosis under
inflammatory stress, and increase insulin secretion in b-cells.
Mechanistically, the genomic and proteomic data demonstrate
that SAHA robustly increases a low-abundance histone 4
polyacetylation state, which serves as a preferred binding
substrate for several bromodomain-containing proteins (22).
Unfortunately, the toxicity and growth inhibition of the pan
HDAC inhibitors may overweigh their benefits on islets. Out of
all class I HDACs, HDAC3 has been a particularly promising
target for b cell function. The genetic deletion of HDAC3 (23) as
well as a specific HDAC3 inhibitor BRD3308 (21), consistently
showed an improvement of b cell function through enhanced
insulin secretion. Besides class I HDACs, the class II HDACs,
which are located in both the cytoplasm and nucleus, are also
involved in b cell function. The genetic deletion of different
members of class II HDACs (HDAC4/5/9) leads to the increase
of b cells and/or d cells, and its overexpression decreases the
number of b and d cells (24). Another class II HDAC, HDAC6,
was also found to be downregulated in db/db mouse islets
(25). However, unlike HDAC3, the underlying mechanisms of
class II HDACs in regulating b cells epigenetic signatures
remains unclear.

The specificity of lysine acetylation regulation is achieved by a
collaborative effort of HAT/HDACs and their TF binding
partners. For example, it was reported that pancreatic and
duodenal homeobox 1 (PDX1) regulates the acetylation of
histones (26). At high glucose levels, PDX1 forms a complex
with histone acetyltransferase p300, forms open chromatin at the
insulin promoter, then stimulates insulin expression. At low
glucose concentrations, PDX1 recruits HDAC1 and HDAC2 to
inhibit insulin gene expression (27). It is likely that p300 serve as
docking sites for other TFs and coregulators to enhance gene
transcription in b-cells (28). It has been reported that glucose
stimulates the recruitment of p300 to the promoter region of the
pro-apoptotic factor Txnip gene in human islets (29). Consistent
with this model, a recent study reported that the proteasomal
degradation of p300 leads to beta-cell apoptosis (30). Ruiz et al.
predicts that knock-down/inhibition of p300 under normal
conditions blocks not only the expression of proapoptotic
factors such as Txnip, but also the expression of survival
factors which overall favors the emergence of beta-cell
apoptosis (30).

Besides class I and II HDACs, other lysine deacetylases, such
as the Sirtuin family members, also contribute to b cell
September 2021 | Volume 12 | Article 725131
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dysfunction. Sirtuin 1(SIRT1), a nicotinamide adenosine
dinucleotide (NAD+)-dependent deacetylase, is able to
deacetylate both histones and certain TFs to regulate the
expression of genes (31–33). In b cells, SIRT1 enhances
glucose-dependent insulin secretion (34, 35), while its
expression is disrupted under inflammatory stress (36).

Another extensively studied modification of histones is the
methylation on lysine and arginine. Lysine can undergo mono-,
di- and tri-methylation respectively, while arginine can only
undergo mono- and di-methylation. There are 5 lysine sites on
Histone H3 that can be methylated. Given the significance of
histone methylation in regulating gene expression, it comes as no
surprise that disruption of histone methylation leads to
dysfunctional b cells. Trimethylation of histone H3K4 is
mainly concentrated in the promoter region of active
transcription. A recent study found that disruption of
H3K4Me, by deletion of Set7/9, reduces b-cell essential genes
such as Pdx1, and compromises the islet GSIS function (37, 38).
Besides lysine, the methylation of arginine has also been linked to
b cell function. Recently, Jian and colleague (39) found that an
islet-specific knock out of PRMT5, an arginine methyltransferase
for H3R8 di-methylation, led to reduced insulin secretion, and
impaired glucose tolerance and glucose-stimulated insulin
secretion (GSIS). Using a genetic mouse model to impair
H3K4 methyltransferase activity of TrxG complexes,
Vanderkruk et al. find that reduction of H3K4 methylation
significantly reduces insulin production and glucose-
responsiveness and increases transcriptional entropy, indicative
of a loss of b-cell maturity. The data implicate H3K4 methylation
dysregulation as destabilizing b-cell gene expression and
contributing to cell dysfunction in T2D (40).

Chromatin accessibility enables TF binding and therefore is
tightly associated with gene regulation. Chromatin accessibility is
regulated by a number of chromatin remodeling complexes, such
as the ATP-dependent Switch/sucrose non-fermentable (SWI/
SNF) complex (41). Though known to be essential for general
transcription, recent studies have started to reveal the distinct
function of individual components of SWI/SNF complex in
regulating b cell function. The ATPase of the SWI/SNF
complex, BRG1, was shown to be recruited by PDX1 and
maintains the PDX1 targets expression at high glucose levels,
as well as progenitor differentiation (42, 43). In contrast, BRM,
another ATPase of the SWI/SNF complex, represses the PDX1
target genes expression at low glucose concentrations (42). Our
previous study found that vitamin D switches the binding
partner of vitamin D receptor (VDR) from the BRD9-
containing SWI/SNF complex to the BRD7 containing PBAF
complex, resulting in increased chromatin accessibility at VDR
targets and enhancing the anti-inflammatory and anti-stress
responses in b-cells (44). Another recent study showed that
deletion of ARID1A-containing BAF complex in b cells
promotes b regeneration under an STZ challenge (45).
Therefore, the various compositions of the SWI/SNF complex
defines the diverse molecular and biological function of
chromatin remodeling complexes in b cells. The underlying
regulatory mechanisms of these complexes, both antagonistic
Frontiers in Endocrinology | www.frontiersin.org 3
and collaborative in a context-dependent fashion, remain to
be characterized.

One essential goal of the chromatin study is to define the
regulome of b cells in homeostasis and diabetes. A number of
pioneer studies has defined active and repressive cis-elements by
histone marks in progenitor and mature b cells (46–49).
Importantly, the islet enhancers featured by the active histone
markers (H3K4Me1/2 and H3K27Ac) contain many T2D
susceptibility SNPs (47). Stretch enhancers are cell type specific
and are associated with increased expression of genes involved in
cell-specific processes. Parker et al. find that genetic variations
associated with common disease are highly enriched in stretch
enhancers; stretch enhancers specific to pancreatic islets harbor
variants linked to type 2 diabetes and related traits (50). Arda
et al. identify and characterize chromatin features underlying
cell-type-specific gene expression in human pancreatic a, b, duct,
and acinar cells (51). The work prioritizes candidate risk genes
for pancreatic diseases such as diabetes mellitus (51).
Technological advances, such as ATAC-seq (52)and DNase-seq
(53), have enabled mapping open chromatin with much higher
resolution. Importantly, recent developments in single-cell
approaches, such as single cell RNA-seq and single cell ATAC-
Seq has enabled identification of the epigenome or transcriptome
of a single cell resolution, providing a high-resolution view of
cell-to-cell variation (54, 55). Utilizing these technologies, a
recent study showed that T2DM GWAS SNPs are significantly
enriched in b cell-specific and ubiquitous open chromatin
regions, but not in alpha or delta cell-specific open chromatin
(56). Khetan et al. profiled chromatin accessibility in pancreatic
islet samples from 19 genotyped individuals and identified 2,949
SNPs associated with in vivo cis-regulatory element use. The islet
caQTL analysis nominated putative causal SNPs in 13 T2D-
associated GWAS loci, linking 7 and 6 T2D risk alleles,
respectively, to gain or loss of in vivo chromatin accessibility
(57). Using scATAC-seq, Chiou et al. profiled 15,298 islet cells
and identified 12 clusters, including a, b and d cell signatures (9).
By defining the co-accessibility of regulatory elements across
single cells, the authors were able to link regulatory variants to
putative target genes. An example is the co-accessibility between
KCNQ1 intron 3, which harbors a T2D variant rs231361, and the
distal INS promoter (9). Genome editing of this SNP resulted in
changes of INS expression, suggesting a causality between the
KCNQ1 SNPs and the distal INS gene expression (9). Lu et al.
provide evidence of chromatin dysregulation in type 2 diabetes
in mice and humans. Loss of Polycomb silencing in mouse
pancreas triggers hyperglycemia-independent dedifferentiation
of b cells and diabetes, suggesting a two-hit (chromatin and
hyperglycemia) model for loss of b cell identity in diabetes
(58). Future studies connecting single cell transcriptome/
epigenome with spatial profiling will significantly enhance our
understanding of islet structure and function.

DNA Methylation
DNA methylation is an epigenetic mechanism by which methyl
groups are transferred from S-adenosylmethionine to the C5
position of the cytosine to form 5-methylcytosine via DNA
September 2021 | Volume 12 | Article 725131
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methyltransferases (DNMT). In mammals, DNA methylation is
mostly found in CpG dinucleotides (59). Most CpG islands located
in the promoter region of active genes are unmethylated, whereas
hypermethylation of CpG islands are associated with gene
silencing (60). Transcription silencing caused by DNA
methylation is achieved either directly by inhibiting the binding
of transcription factors to DNA, or indirectly by recruiting other
chromatin-modifying proteins, such as DNA methylation binding
proteins and histone deacetylation HDAC (61). As an epigenetic
modification, DNA methylation plays an important role in the
regulation of chromatin structure and gene expression as well as
participating in a variety of biological processes, including b cell
differentiation, homeostasis, and diabetes pathogenesis. A study
using whole-genome bisulfite sequencing on human islets from
patients with T2DM and healthy controls identified 25,820 T2DM
differentially methylated regions (DMRs), with 12,124 DMRs
reduced and 13,696 DMRs elevated in T2DM islets (62). In
addition, 457 genes associating DMRs are differentially
expressed in T2DM islets (62). In another genome-wide DNA
methylation profiling using human pancreatic islets, 1,649 CpG
sites and 853 genes with differential DNA methylation in
pancreatic islets from type 2 diabetic donors were identified
(63). Functional analysis showed that these genes can directly
affect insulin secretion in pancreatic b cells (63). Long-term
exposure to elevated free fatty acids (FFA) and glucose levels
impair islet insulin secretion (64). Elin et al. (65) found that
glucolipotoxicity impaired insulin secretion and changed the
expression of 1,855 genes, including 35 of 264 T2DM candidate
genes identified by genome-wide association studies such as
TCF7L2 , BCL11A , and CDKN2B , and the genes of
downregulated metabolic pathways were enriched. Importantly,
1469 differentially expressed genes also had DNA methylation
altered (e.g., CDK1, FICD, TPX2, and TYMS) (65). This data
suggests that changes in DNA methylation affected the insulin
secretion and played a key role in b cell dysfunction in T2DM.
Besides insulin secretion, DNAmethylation is also associated with
cell fate decision since the loss of DNA methylation promotes
pancreatic a-cell to b-cell transdifferentiation (66, 67).

Cytokine stress causes b cell dysfunction. It was demonstrated
that interleukin1‐b (IL‐1b) induced aberrant DNA methylation
to cause b-cells dysfunction (68). After treated with IL‐1b, the
expression level of Calcium/calmodulin‐dependent serine
protein kinase (CASK) declined to nearly 40%, while
methylation at the Cask promoter increased. After treatment
with DNA methyltransferase (DNMT) inhibitor, 5‐Aza‐2’‐
deoxycytidine (5‐Aza‐dC), or DNMTs siRNAs, CASK
expression and insulin secretion were partially rescued.

In addition, DNA methylation mediates intergenerational
epigenetic effects. Elmar et al. performed a genome-scale
analysis of differential DNA methylation in whole blood after
periconceptional exposure to famine during the Dutch Hunger
Winter (69). They found 181 regions as prenatal-malnutrition
associated with differentially methylated regions (69). Zahra and
colleague (70) found a link between pancreatic b-cell dysfunction
and hypomethylation of the CDKN2A/B promoter in offspring
of, streptozotocin-induced Gestational diabetes mellitus (GDM),
Frontiers in Endocrinology | www.frontiersin.org 4
rats. Although the associations between epigenetic inheritance
and methylation changes have been identified, it remains
unknown that these epigenetic changes are causative to
diabetes progression of b cell dysfunction. Also, a contradictive
study did not find any association between DNA methylation
changes in sperm and the epigenetic inheritance of diet-induced
phenotypes, and also there were not any DNA methylome
changes in offspring after utero caloric restriction (71).
Therefore, future studies of DNA methylation in inter-
generational inheritance, using better defined models and
robust statistics, are needed.

DNA methylation of regulatory elements is dynamic with
maturation and aging of pancreatic b cells. b cell function is
improved during the maturation process, as predicted by
methylome and transcriptome changes [see review (72)].
Interestingly, Avrahami et al. demonstrated that in rodents,
DNA methylation changes are associated with aging-induced
b-cell function improvement (73). Using genome-wide DNA
methylome analysis in purified b-cells from young (4-6 weeks)
and old mice (16-20 months), they found that promoters of
proliferation genes (e.g., Ki67, Plk1, and Ccnd3) are
hypermethylated in aged mice, while enhancers of genes
responsible for b-cell function (e.g., Foxa2, Nkx6.1, and
Neurod1) are hypomethylated, and correlated with the increase
of gene expression and functional improvement in aged mice
(73). Whether these methylation dynamics and its corresponding
gene expression changes are conserved in aged human islets
remains to be characterized.

Non-Coding RNA
Non-coding RNA (ncRNA) refers to functional RNA that does
not encode protein (74). ncRNAs are essential in the regulation
of epigenetics and are widely involved in the regulation of
embryonic development, cell fate determination, and material
metabolism (74). In recent years, mounting evidence suggests
that the development and differentiation of b cells, the synthesis
and secretion of insulin and the development of T2DM are not
only precisely regulated by transcription factor, but also
mediated by ncRNAs (14, 75, 76).

One of the most prominent and widely studied class of
ncRNAs is miRNA, which have been used as biomarkers in
metabolic diseases (77, 78). Profiling of miRNAs in blood and
pancreatic islets indicates that various miRNAs exert essential
functions in the epigenetic regulation network in the progression
of T2DM (79). A number of recent studies, focusing on the
regulatory machinery of miRNA processing, demonstrated that
miRNA plays an important role in b-cell proliferation and
survival. Dicer is the key enzyme for miRNA cleavage and
maturation. In Pdx1-Cre mediated, pancreas specific knock-out
of Dicer1 mice, the pancreatic development was impaired and
the b cell mass reduced, which lead to embryonic lethality. Loss
of Dicer also reduced the Ngn3+, b cell progenitor population,
leading to impaired endocrine cell development. In endocrine
progenitor cells, loss of Dicer lead to morphological defects,
reduced insulin expression, and hyperglycemia in neonatal mice.
Together these loss-of-function studies indicated that the whole
September 2021 | Volume 12 | Article 725131
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class of miRNA is necessary for pancreatic development and
differentiation of pancreatic endocrine cells (80, 81).

A number of individual miRNAs have been reported to
mediate b -cell development, function, or T2D development.
Here we summarize a number of miRNAs that have been
associated with b cell function (Figure 1).

miR-375 is an important miRNA in the differentiation
process of b cells. Kloosterman et al. (82) found that inhibition
of miR-375 can lead to disrupted development of the embryonic
pancreas in zebrafish, and in particular, a scattered distribution
of pancreatic islets. Knockout of miR-375 caused abnormal
pancreatic islet morphology in mice, reduced total amount of
a and b cells, reduced insulin secretion and increased blood
glucose (82). miR-375 knockout mice showed reduced b cell
mass, together with an increase in plasma glucagon and
gluconeogenesis, suggesting that miR-375 levels are essential
for glucose homeostasis and proliferation of b-cells (83),
though its direct effect on b cell remains to be determined.

miR-7 is expressed in the embryonic and adult pancreas. An
early study by Margarita et al. (84) found that inhibition of miR-7
during early embryonic development lead to reduced b cell mass,
decreased insulin secretion, and impaired glucose tolerance in
mice after birth. Interestingly, Latreille et al. (85), using b cell
specific KO of miR-7 mice, showed that miR-7 is a negative
regulator of GSIS in b cells. This discrepancy may be caused by
the different genetic model (antisense vs. b cell specific knock-
out). Future studies will be needed to characterize the potentially
diverse function of miR-7 in b cells and other metabolic tissues.

miR-200 is another essential player in b cell health. Bengt-
Frederik et al. (86) found that overexpressing miR-200 induces b
cell apoptosis by suppressing the antiapoptotic and stress-
resistance pathways, whereas deletion of miR-200 ameliorated
diabetes progression. Mechanistically, miR-200 activates Trp53
and promotes b cell apoptosis (86).

Besides b cell development and survival, a number of studies
also showed that islet-enriched miRNAs influence insulin
Frontiers in Endocrinology | www.frontiersin.org 5
transcription or secretion [reviewed in (87)]. Specifically, Tang
et al. (88) found that the expression of miR-375, miR-124a, miR-
107, miR-30d, miR-690 and miR-let7 were significantly up-
regulated when exposed to high glucose, while the expression
of miR-296, miR-484 and miR-690 were down-regulated.
Importantly, when miR-30d is overexpressed, the transcription
of insulin increases (88), possibly caused by an increased level of
MafA (89). In addition, miR-204 can also directly target and
regulateMafA (90). Besides miR-30d, other miRNAs involved in
insulin expression include miR-24, miR-26, miR-182, and miR-
148, as depletion of these miRNAs in cultured b cells or mouse
islets reduced the activity of insulin gene promoters and led to a
decrease in insulin content (91). In contrast, overexpression of
miR-375, an islet-specific miRNA, inhibits insulin secretion and
has a negative regulatory effect on glucose-stimulated insulin
expression and/or b cell proliferation, possibly through the
NF-kB pathway (92) or the PI3K pathway (93, 94).

Besides insulin synthesis, several microRNAs, including
miR124a, miR-9 and miR-96, are found to regulate exocytosis
and insulin secretion (95). Both miR124a and miR-96 are
negative regulators for insulin secretion in Min-6 cells, by
down-regulating exocytosis genes such as Rab27a and Noc2
(95, 96). miR-9 is a negative regulator of b-cell secretion
function by regulating transcription of Stxbp1 (97). A number
of miRNAs also directly regulate insulin secretion by targeting
GLP-1 signaling. An example is miR-204, which represses
expression of the GLP-1 receptor in INS1 cells, as well as in
mouse and human islets (98).

In summary, miRNAs are essential players in b-cell
differentiation and function. Future studies using genomics and
system biology approaches may reveal a more comprehensive and
quantitative landscape of the miRNA regulatory network in b cells.

LncRNAs can be located in the nucleus or cytoplasm and
regulate the expression of protein-coding genes during
transcriptional and post-transcriptional stages (99). Several
recent studies suggest that lncRNAs are crucial components of
FIGURE 1 | miRNAs involved in insulin release in pancreatic beta cells and beta cell fate.
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the islet regulome and may have a role in diabetes pathogenesis
(100). Morán et al. identified multiple islet-specific lncRNAs that
are dynamically regulated in human b cells and showed that they
are an integral component of b cell differentiation and
maturation (101). In particular, depletion of HI-LNC25, a b
cell-specific lncRNA, downregulated GLIS3 mRNA (101),
suggesting that islet lncRNAs can directly control transcription
(101). Another lncRNA involved in b cell transcriptome is
MALAT1, which was first described as a highly expressed
nuclear lncRNA regulating alternative splicing (102). MALAT1
has been reported to modulate the active histone marks of the
Pdx1 promoter in MIN6 cells (103) and to promote the stability
of the polypyrimidine tract binding protein 1 (Ptbp1) in the
nucleus. A number of lncRNA have also been associated with
insulin secretion and b cell responses to nutrients. The lncRNA
Maternally expressed gene 3 (Meg3) has been shown to regulate
insulin secretion (104). Kong et al. identified ten different
lncRNAs that were differentially expressed in the INS-1 cells
after treated with a combination of high glucose and palmitate
acid (105). Some lncRNAs are located in proximity of b-cell
essential TFs, suggesting a cis-regulatory mechanism. For
example, the lncRNA PLUTO, transcribed antisense to Pdx1,
modulates the expression of Pdx1 by promoting the looping of
an enhancer within the Pdx1 promoter (106). Silencing of
PLUTO in a human b cell line, EndoC-bH3, impaired GSIS
(106). Lastly, it should be noted that besides b cells, lncRNA in
other metabolic tissues are also able to regulate glucose
metabolisms and diabetes progression. For example, GWAS
studies showed that misexpression of several lncRNAs are
correlated to diabetes complications (107, 108). The role of
lncRNAs in peripheral metabolic tissues, especially in energy
homeostasis, has also been explored (90).

In 2012, more than 1,000 conserved lncRNAs were found in
mouse and human pancreatic islets (101). With the large number
of identified is let-specific lncRNAs, the functional
characterization of lncRNAs remains challenging. The most
commonly used strategy is loss-of-function assays by RNA
interference. For example, knockdown of the lncRNA blinc1 in
MIN6 cells demonstrated that blinc1 is a novel cis-regulator of
the islet transcription factor Nkx2-2 (109). additional methods to
characterize the molecular activity of a lncRNA include
identifying its physically interacting partners, with either a
protein-centric or an RNA-centric approach. Protein-centric
methods such as RNA immunoprecipitation (110) or cross-
linking immunoprecipitation (111), use antibodies to
immunoprecipitate RNA binding protein complexes from the
Frontiers in Endocrinology | www.frontiersin.org 6
cell lysate. Some newer versions of these techniques, such as
Capture Hybridization Analysis of RNA Targets (CHART)
(112), Chromatin Isolation by RNA Purification (ChIRP)
(113), and RNA Antisense Purification (RAP) (114), are also
available. As the tools for studying lncRNA function continue to
expand, future studies will continue to characterize the versatile
function of lncRNAs in regulating b-cell biology and
diabetes pathophysiology.
CONCLUSION

The essential role of epigenetics in the development and
function of pancreatic b-cells, as well as the dysfunction and
b cell failure in T2DM, is supported by the increasing number
of studies in humans and model organisms. Numerous
studies over the past two decades have established the a
few fundamental principles of epigenetic regulation in
diabetes: 1) it is now clear that the combination of chromatin
modification, DNA methylation, and non-coding RNA
together define the identity of b cells; 2) the dysregulation of
b cell epigenetic signatures is a key event in the pathogenesis of
diabetes; and 3) the molecular machinery that define these
epigenetic signatures can be potential targets in the therapeutic
development. Future research will be needed to specifically
define the epigenetic events regulating specific cellular function
of b cells, such as insulin secretion, regeneration, and immune
tolerance, etc. Understanding the epigenetic regulation
mechanism in these processes is of great significance for
developing next generation treatment for T2DM.
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and Its Role in Epigenetic Inheritance of Obesity and Diabetes Across
Generations. Mamm Genome (2020) 31:119–33. doi: 10.1007/s00335-020-
09839-z

72. Parveen N, Dhawan S. DNA Methylation Patterning and the Regulation of
Beta Cell Homeostasis. Front Endocrinol (Lausanne) (2021) 12:651258. doi:
10.3389/fendo.2021.651258

73. Avrahami D, Li C, Zhang J, Schug J, Avrahami R, Rao S, et al. Aging-
Dependent Demethylation of Regulatory Elements Correlates With
Chromatin State and Improved b Cell Function. Cell Metab (2015)
22:619–32. doi: 10.1016/j.cmet.2015.07.025

74. Holoch D, Moazed D. RNA-Mediated Epigenetic Regulation of Gene
Expression. Nat Rev (2015) 16:71–84. doi: 10.1038/nrg3863

75. Kanwal F, Lu C. A Review on Native and Denaturing Purification Methods
for Non-Coding RNA (ncRNA). J Chromatogr B Anal Technol Biomed Life
Sci (2019) 1120:71–9. doi: 10.1016/j.jchromb.2019.04.034

76. Fu Q, Liu CJ, Zhai ZS, Zhang X, Qin T, Zhang HW. Single-Cell Non-Coding
RNA in Embryonic Development. Adv Exp Med Biol (2018) 1068:19–32. doi:
10.1007/978-981-13-0502-3_3

77. Trzybulska D, Vergadi E, Tsatsanis C. miRNA and Other Non-Coding
RNAs as Promising Diagnostic Markers. EJIFCC (2018) 29:221–6.

78. Deiuliis JA. MicroRNAs as Regulators of Metabolic Disease:
Pathophysiologic Significance and Emerging Role as Biomarkers and
Therapeutics. Int J Obes (2016) 40:88–101. doi: 10.1038/ijo.2015.170

79. Pordzik J, Jakubik D, Jarosz-Popek J, Wicik Z, Eyileten C, De Rosa S, et al.
Significance of Circulating microRNAs in Diabetes Mellitus Type 2 and
Platelet Reactivity: Bioinformatic Analysis and Review. Cardiovasc Diabetol
(2019) 18:113. doi: 10.1186/s12933-019-0918-x

80. Lynn FC, Skewes-Cox P, Kosaka Y, McManus MT, Harfe BD, German MS.
MicroRNA Expression Is Required for Pancreatic Islet Cell Genesis in the
Mouse. Diabetes (2007) 56:2938–45. doi: 10.2337/db07-0175

81. Kanji MS, Martin MG, Bhushan A. Dicer1 Is Required to Repress Neuronal
Fate During Endocrine Cell Maturation. Diabetes (2013) 62:1602–11. doi:
10.2337/db12-0841

82. Kloosterman WP, Lagendijk AK, Ketting RF, Moulton JD, Plasterk RH.
Targeted Inhibition of miRNA Maturation With Morpholinos Reveals a
Role for miR-375 in Pancreatic Islet Development. PloS Biol (2007) 5:e203.
doi: 10.1371/journal.pbio.0050203

83. Poy MN, Hausser J, Trajkovski M, Braun M, Collins S, Rorsman P, et al.
miR-375 Maintains Normal Pancreatic Alpha- and Beta-Cell Mass. Proc
Natl Acad Sci USA (2009) 106:5813–8. doi: 10.1073/pnas.0810550106

84. Nieto M, Hevia P, Garcia E, Klein D, Alvarez-Cubela S, Bravo-Egana V, et al.
Antisense miR-7 Impairs Insulin Expression in Developing Pancreas and in
Cultured Pancreatic Buds. Cell Transplant (2012) 21:1761–74. doi: 10.3727/
096368911X612521

85. Latreille M, Hausser J, Stützer I, Zhang Q, Hastoy B, Gargani S, et al.
MicroRNA-7a Regulates Pancreatic b Cell Function. J Clin Invest (2014)
124:2722–35. doi: 10.1172/JCI73066

86. Belgardt B-F, Ahmed K, Spranger M, Latreille M, Denzler R, Kondratiuk N,
et al. The microRNA-200 Family Regulates Pancreatic Beta Cell Survival in
Type 2 Diabetes. Nat Med (2015) 21:619–27. doi: 10.1038/nm.3862

87. Kim M, Zhang X. The Profiling and Role of miRNAs in Diabetes Mellitus.
J Diabetes Clin Res (2019) 1:5–23. doi: 10.33696/diabetes.1.003

88. Tang X, Muniappan L, Tang G, Ozcan S. Identification of Glucose-Regulated
miRNAs From Pancreatic {Beta} Cells Reveals a Role for miR-30d in Insulin
Transcription. RNA (New York NY) (2009) 15:287–93. doi: 10.1261/rna.1211209
September 2021 | Volume 12 | Article 725131

https://doi.org/10.1016/j.stem.2015.02.013
https://doi.org/10.1016/j.stem.2012.11.023
https://doi.org/10.1073/pnas.1317023110
https://doi.org/10.1016/j.cels.2018.07.007
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.1313
https://doi.org/10.1038/nature25981
https://doi.org/10.1016/j.cell.2018.06.052
https://doi.org/10.1016/j.molmet.2019.12.006
https://doi.org/10.2337/db18-0393
https://doi.org/10.1016/j.cmet.2018.04.013
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1016/j.molmet.2017.05.015
https://doi.org/10.1016/j.molmet.2017.05.015
https://doi.org/10.1016/j.gde.2017.06.007
https://doi.org/10.1016/j.gde.2017.06.007
https://doi.org/10.2337/db16-0996
https://doi.org/10.1371/journal.pgen.1004160
https://doi.org/10.1371/journal.pgen.1004160
https://doi.org/10.1016/j.jmb.2019.09.016
https://doi.org/10.2337/db18-0900
https://doi.org/10.1038/s41536-021-00119-1
https://doi.org/10.1016/j.cmet.2017.01.009
https://doi.org/10.1016/j.cmet.2017.01.009
https://doi.org/10.1111/jcmm.16041
https://doi.org/10.1038/ncomms6592
https://doi.org/10.22074/cellj.2020.6699
https://doi.org/10.1007/s00335-020-09839-z
https://doi.org/10.1007/s00335-020-09839-z
https://doi.org/10.3389/fendo.2021.651258
https://doi.org/10.1016/j.cmet.2015.07.025
https://doi.org/10.1038/nrg3863
https://doi.org/10.1016/j.jchromb.2019.04.034
https://doi.org/10.1007/978-981-13-0502-3_3
https://doi.org/10.1038/ijo.2015.170
https://doi.org/10.1186/s12933-019-0918-x
https://doi.org/10.2337/db07-0175
https://doi.org/10.2337/db12-0841
https://doi.org/10.1371/journal.pbio.0050203
https://doi.org/10.1073/pnas.0810550106
https://doi.org/10.3727/096368911X612521
https://doi.org/10.3727/096368911X612521
https://doi.org/10.1172/JCI73066
https://doi.org/10.1038/nm.3862
https://doi.org/10.33696/diabetes.1.003
https://doi.org/10.1261/rna.1211209
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Sun et al. Epigenetic Regulation of Beta Cells
89. Zhao X, Mohan R, Özcan S, Tang X. MicroRNA-30d Induces Insulin
Transcription Factor MafA and Insulin Production by Targeting Mitogen-
Activated Protein 4 Kinase 4 (MAP4K4) in Pancreatic b-Cells. J Biol Chem
(2012) 287:31155–64. doi: 10.1074/jbc.M112.362632

90. Giroud M, Scheideler M. Long Non-Coding RNAs in Metabolic Organs and
Energy Homeostasis. Int J Mol Sci (2017) 18:2578. doi: 10.3390/
ijms18122578

91. Melkman-Zehavi T, Oren R, Kredo-Russo S, Shapira T, Mandelbaum AD,
Rivkin N, et al. miRNAs Control Insulin Content in Pancreatic b-Cells via
Downregulation of Transcriptional Repressors. EMBO J (2011) 30:835–45.
doi: 10.1038/emboj.2010.361

92. Norlin S, Ahlgren U, Edlund H. Nuclear Factor-kb Activity in b-Cells Is
Required for Glucose-Stimulated Insulin Secretion. Diabetes (2005) 54:125–
32. doi: 10.2337/diabetes.54.1.125

93. Tang X, Gal J, Zhuang X, Wang W, Zhu H, Tang G. A Simple Array
Platform for microRNA Analysis and Its Application in Mouse Tissues. RNA
(New York NY) (2007) 13:1803–22. doi: 10.1261/rna.498607

94. El Ouaamari A, Baroukh N, Martens GA, Lebrun P, Pipeleers D, van
Obberghen E. miR-375 Targets 3’-Phosphoinositide-Dependent Protein
Kinase-1 and Regulates Glucose-Induced Biological Responses in
Pancreatic Beta-Cells. Diabetes (2008) 57:2708–17. doi: 10.2337/db07-1614

95. Lovis P, Gattesco S, Regazzi R. Regulation of the Expression of Components
of the Exocytotic Machinery of Insulin-Secreting Cells by microRNAs. Biol
Chem (2008) 389:305–12. doi: 10.1515/BC.2008.026

96. Sebastiani G, Po A, Miele E, Ventriglia G, Ceccarelli E, Bugliani M, et al.
MicroRNA-124a Is Hyperexpressed in Type 2 Diabetic Human Pancreatic
Islets and Negatively Regulates Insulin Secretion. Acta Diabetol (2015)
52:523–30. doi: 10.1007/s00592-014-0675-y

97. Hu D, Wang Y, Zhang H, Kong D. Identification of miR-9 as a Negative
Factor of Insulin Secretion From Beta Cells. J Physiol Biochem (2018)
74:291–9. doi: 10.1007/s13105-018-0615-3

98. Jo S, Chen J, Xu G, Grayson TB, Thielen LA, Shalev A. miR-204 Controls
Glucagon-Like Peptide 1 Receptor Expression and Agonist Function.
Diabetes (2018) 67:256–64. doi: 10.2337/db17-0506

99. Chen LL. Linking Long Noncoding RNA Localization and Function. Trends
Biochem Sci (2016) 41:761–72. doi: 10.1016/j.tibs.2016.07.003

100. Motterle A, Sanchez-Parra C, Regazzi R. Role of Long Non-Coding RNAs in
the Determination of Beta-Cell Identity. Diabetes Obes Metab (2016) 18
Suppl 1:41–50. doi: 10.1111/dom.12714

101. Morán I, Akerman I, van de Bunt M, Xie R, Benazra M, Nammo T, et al.
Human b Cell Transcriptome Analysis Uncovers lncRNAs That Are Tissue-
Specific, Dynamically Regulated, and Abnormally Expressed in Type 2
Diabetes. Cell Metab (2012) 16:435–48. doi: 10.1016/j.cmet.2012.08.010

102. Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT, et al. The Nuclear-
Retained Noncoding RNA MALAT1 Regulates Alternative Splicing by
Modulating SR Splicing Factor Phosphorylation. Mol Cell (2010) 39:925–
38. doi: 10.1016/j.molcel.2010.08.011

103. Ding H, Wang F, Shi X, Ma H, Du Y, Hou L, et al. LncRNA MALAT1
Induces the Dysfunction of Beta Cells via Reducing the Histone Acetylation
of the PDX-1 Promoter in Type 1 Diabetes. Exp Mol Pathol (2020)
114:104432. doi: 10.1016/j.yexmp.2020.104432

104. You L, Wang N, Yin D, Wang L, Jin F, Zhu Y, et al. Downregulation of Long
Noncoding RNA Meg3 Affects Insulin Synthesis and Secretion in Mouse
Pancreatic Beta Cells. J Cell Physiol (2016) 231:852–62. doi: 10.1002/
jcp.25175
Frontiers in Endocrinology | www.frontiersin.org 9
105. Kong X, Liu CX, Wang GD, Yang H, Yao XM, Hua Q, et al. LncRNA
LEGLTBC Functions as a ceRNA to Antagonize the Effects of miR-34a on
the Downregulation of SIRT1 in Glucolipotoxicity-Induced INS-1 Beta Cell
Oxidative Stress and Apoptosis. Oxid Med Cell Longev (2019) 2019:4010764.
doi: 10.1155/2019/4010764

106. Motterle A, Gattesco S, Peyot ML, Esguerra JLS, Gomez-Ruiz A, Laybutt DR,
et al. Identification of Islet-Enriched Long Non-Coding RNAs Contributing
to Beta-Cell Failure in Type 2 Diabetes. Mol Metab (2017) 6:1407–18. doi:
10.1016/j.molmet.2017.08.005

107. Hanson RL, Craig DW, Millis MP, Yeatts KA, Kobes S, Pearson JV, et al.
Identification of PVT1 as a Candidate Gene for End-Stage Renal Disease in
Type 2 Diabetes Using a Pooling-Based Genome-Wide Single Nucleotide
Polymorphism Association Study. Diabetes (2007) 56:975–83. doi: 10.2337/
db06-1072

108. Awata T, Yamashita H, Kurihara S, Morita-Ohkubo T, Miyashita Y,
Katayama S, et al. A Genome-Wide Association Study for Diabetic
Retinopathy in a Japanese Population: Potential Association With a Long
Intergenic Non-Coding RNA. PloS One (2014) 9:e111715. doi: 10.1371/
journal.pone.0111715

109. Arnes L, Akerman I, Balderes DA, Ferrer J, Sussel L. Betalinc1 Encodes a
Long Noncoding RNA That Regulates Islet Beta-Cell Formation and
Function. Genes Dev (2016) 30:502–7. doi: 10.1101/gad.273821.115

110. Zhao J, Ohsumi TK, Kung JT, Ogawa Y, Grau DJ, Sarma K, et al. Genome-
Wide Identification of Polycomb-Associated RNAs by RIP-Seq. Mol Cell
(2010) 40:939–53. doi: 10.1016/j.molcel.2010.12.011

111. Darnell R. CLIP (Cross-Linking and Immunoprecipitation) Identification of
RNAs Bound by a Specific Protein. Cold Spring Harb Protoc (2012)
2012:1146–60. doi: 10.1101/pdb.prot072132

112. Simon MD, Wang CI, Kharchenko PV, West JA, Chapman BA, Alekseyenko
AA, et al. The Genomic Binding Sites of a Noncoding RNA. Proc Natl Acad
Sci USA (2011) 108:20497–502. doi: 10.1073/pnas.1113536108

113. Chu C, Qu K, Zhong FL, Artandi SE, Chang HY. Genomic Maps of Long
Noncoding RNA Occupancy Reveal Principles of RNA-Chromatin
Interactions. Mol Cell (2011) 44:667–78. doi: 10.1016/j.molcel.2011.08.027

114. Engreitz JM, Pandya-Jones A, McDonel P, Shishkin A, Sirokman K, Surka C,
et al. The Xist lncRNA Exploits Three-Dimensional Genome Architecture to
Spread Across the X Chromosome. Science (2013) 341:1237973. doi:
10.1126/science.1237973

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.

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.

Copyright © 2021 Sun, Wang, Obayomi and Wei. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 725131

https://doi.org/10.1074/jbc.M112.362632
https://doi.org/10.3390/ijms18122578
https://doi.org/10.3390/ijms18122578
https://doi.org/10.1038/emboj.2010.361
https://doi.org/10.2337/diabetes.54.1.125
https://doi.org/10.1261/rna.498607
https://doi.org/10.2337/db07-1614
https://doi.org/10.1515/BC.2008.026
https://doi.org/10.1007/s00592-014-0675-y
https://doi.org/10.1007/s13105-018-0615-3
https://doi.org/10.2337/db17-0506
https://doi.org/10.1016/j.tibs.2016.07.003
https://doi.org/10.1111/dom.12714
https://doi.org/10.1016/j.cmet.2012.08.010
https://doi.org/10.1016/j.molcel.2010.08.011
https://doi.org/10.1016/j.yexmp.2020.104432
https://doi.org/10.1002/jcp.25175
https://doi.org/10.1002/jcp.25175
https://doi.org/10.1155/2019/4010764
https://doi.org/10.1016/j.molmet.2017.08.005
https://doi.org/10.2337/db06-1072
https://doi.org/10.2337/db06-1072
https://doi.org/10.1371/journal.pone.0111715
https://doi.org/10.1371/journal.pone.0111715
https://doi.org/10.1101/gad.273821.115
https://doi.org/10.1016/j.molcel.2010.12.011
https://doi.org/10.1101/pdb.prot072132
https://doi.org/10.1073/pnas.1113536108
https://doi.org/10.1016/j.molcel.2011.08.027
https://doi.org/10.1126/science.1237973
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Epigenetic Regulation of β Cell Identity and Dysfunction
	Introduction
	The Major Classes of Epigenetic Modification and Their Roles in Regulating β Cell Dysfunction
	Chromatin Modifications and Accessibility
	DNA Methylation
	Non-Coding RNA

	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


