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Abstract: Type 2 diabetes mellitus (T2DM) is a metabolic disease characterized by hyper-
glycemia which is caused by insufficient insulin secretion or insulin resistance. Interaction of
genetic, epigenetic and environmental factors plays a significant role in the development of
T2DM. Several environmental factors including diet and lifestyle, as well as age have been
associated with an increased risk for T2DM. It has been demonstrated that these environ-
mental factors may affect global epigenetic status, and alter the expression of susceptible
genes, thereby contributing to the pathogenesis of T2DM. In recent years, a growing body of
molecular and genetic studies in diabetes have been focused on the ways to restore the
numbers or function of B-cells in order to reverse a range of metabolic consequences of
insulin deficiency. The pancreatic duodenal homeobox 1 (PDX-1) is a transcriptional factor
that is essential for the development and function of islet cells. A number of studies have
shown that there is a significant increase in the level of DNA methylation of PDX-1 resulting
in reduced activity in T2DM islets. The decrease in PDX-1 activity may be a critical
mediator causing dysregulation of pancreatic f cells in T2DM. This article reviews the
epigenetic mechanisms of PDX-1 involved in T2DM, focusing on diabetes and DNA
methylation, and discusses some potential strategies for the application of PDX-1 in the
treatment of diabetes.
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Introduction

Type 2 diabetes mellitus (T2DM), also known as non-insulin-dependent diabetes
mellitus (NIDDM), is a chronic metabolic disorder characterized by hyperglycemia
and hyperlipidemia. It is usually caused by overnutrition, insulin resistance, defective
insulin secretion, and other endocrine abnormalities.' Chronic hyperglycemia can
cause a variety of complications, including cardiovascular disease, kidney disease,
retinal disease, and neurological disease.” > Diabetes is currently one of the fastest-
growing chronic diseases. The number of patients with T2DM is increasing at alarm-
ing rates worldwide, and the current prevalence of 422 million people is expected to
rise to 592 million in 2035. According to large-scale data published in BMJ at the end
of April 2020, the prevalence of adult diabetes in China reached a new high level, with
a total number of 130 million patients and a prevalence rate of 12.8%.° To date, the
pathogenesis of diabetes mellitus has not been fully elucidated, which cannot be solely
attributed to the genetic factors. With a rapid increase in the prevalence of diabetes in
the world, more studies are required to gain an in-depth understanding of the patho-
genesis of diabetes for the development of effective therapies. Some studies have
demonstrated that environmental factors such as lifestyle changes and nutrient
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imbalance may be a more critical role in the development of
T2DM.”” The epigenetic effects of environmental and
genetic factors may lead to alteration in DNA methylation,
histone modification, and non-coding RNA in the genes
involved, resulting in corresponding changes in the expres-
sion of the genes involved in regulation of metabolism,
insulin resistance, obesity and other conditions, and leading
to the occurrence of T2DM. '

Epigenetics plays a major role in mediating environmen-
tal factors and gene expression. Epigenetics is defined as
heritable changes in gene expression that occurs when the
nucleotide sequence of the genome remains unchanged."
Epigenetic regulation includes DNA methylation, histone
modification (methylation, acetylation, etc.) and non-
coding RNA (MicroRNA, IncRNA, etc.).!" In recent years,
a good number of studies have reported a link between the
epigenetics and T2DM.'* It has been demonstrated that
DNA methylation is associated with obesity and T2DM."!
On the other hand, drugs based on epigenetic mechanism,
MC1568 (histone deacetylase inhibitor), for instance, have
been shown to improve insulin secretion in T2DM. ">

Epigenetic abnormalities can induce B-cells dedifferen-
tiation, which means that B-cells can change into different
cell types and cause insulin secretion dysfunction.'®
Dedifferentiation was coined to describe either a reversal
of the differentiation trajectory back toward progenitor states
or a loss of terminal differentiation markers and
phenotypes.!” Previous study found that a-cells lacking
DNA methyltransferases 1 (DNMT1) and Aristaless-related
homeobox (Arx) were converted into B-cells.'® It seems
likely that the reduction in promoter/enhancer methylation
within transcriptional control sequences of key B-cell genes
such as insulin, PDX-1 and Nkx6.1 combined with loss of

Arx permits activation of these genes.'” Dedifferentiation
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provides opportunities for cell state transition, and the links
with epigenetics may provide prospects for cell regeneration.

The formation and maintenance of islet B-cell clusters are
related to both intracellular components, such as transcription
factors and extracellular components, such as signal growth
factors. The PDX-1 (also known as IPF-1, IDX-1, IUF-1, and
STF-1) is the most critical intracellular factor in B-cells and
known as the “master regulator” of pancreatic
development.”**' The unique feature of PDX-1 protein is its
expression solely in the pancreas, and it has received extensive
attention in recent years. The islet transcription factor PDX-1
was initially identified as an activator of insulin and somatos-
tatin genes.** It is a homologous domain protein selectively
expressed in the pancreas of adult mice that trans-activates and
binds to insulin promoters.”® Deletion of the gene encoding
this protein in mice and humans can lead to hypoplasia of the
pancreas.”> >° Maintaining the characteristics of pancreatic
cells depends on the function of the pancreatic gene regulatory
network, which includes numerous interactions between var-
ious transcription factors in the pancreas. Transcription factors
regulate gene expression by interacting with chromatin DNA.
PDX-1 is one of the focal points of this network, and the
normal function of the pancreatic cell lineage requires its
high concentration (Figure 1).?° For example, Insulin tran-
script levels and the expression of key transcription factors
required for pancreatic development including forkhead box
protein a2 (FOXA2), Nkx2.2, and neurogenic differentiation
(NeuroD) were significantly increased by exogenous PDX-1
overexpression. PDX-1 also regulates the transcription of
other islet genes, such as glucose transporter 2 (GLUT2),
glucokinase (GK), and islet amyloid polypeptide (IAPP),
etc., suggesting that PDX-1 may play a broad role.

PDX-1 is required for normal islet function in adults,
and a moderate decrease in PDX-1 impairs normal glucose

Figure | Upstream regulator and direct downstream target of PDX-I. The figure highlights the central role of PDX-I in the pancreas. Extracellular factors (Fgf2 and activin)
derived from the notochord and intracellular factors (transcription factors Foxa2 and Hnfé) synergistically activate the expression of PDX-I in the primitive intestinal

endoderm.

Abbreviations: Hnf6, transcription factor one cut homeobox |; Fgf2, fibroblast growth factor 2; Pax4, paired box protein 4.
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sensing and insulin secretion.”’** CpG islands are CG-rich
sequences located near coding sequences and they can
serve as alternative promoters for their associated genes.
Approximately half of mammalian genes have CpG
islands. The methylation status of CpG islands within
promoter sequences works as an essential regulatory ele-
ment by modifying the binding affinity of transcription
factors to DNA-binding sites. It has been established that
the expression of PDX-1 mRNA was negatively related to
DNA methylation at the CpG site, and there was a strong
negative correlation between DNA methylation at the CpG
site in the enhancer region and gene expression.”” Studies
have demonstrated that the DNA methylation at multiple
CpG sites of PDX-1 promoter and its enhancer in islets of
T2DM patients is increased, and the resultant reduction in
the expression of PDX-1 mRNA interferes with insulin
secretion (Table 1).°° These studies have confirmed the
importance of PDX-1 epigenetic regulation in T2DM.

Histone Acetylation and
Methylation in Diabetes
In cells, DNA wraps around histones to form chromatin
structures that act as “on” or “off” switch for gene

Table 1 Correlations Between DNA Methylation of the
Proximal and Distal Promoters as Well as Enhancer Regions of
PDX-I and Gene Expression in Human Donors

CpG Sites of PDX-1 with PDX-1 Gene Expression
Increased DNA Methylation Decreased P value
Proximal promoter

-90 0.0046

-100 0.042
Distal promoter

—567 0.010

—746, —741 0.047

=799 0.043

—857, —852 0.048
Enhancer

-3321 0.0022

—-3342 0.00034

—3373 0.00047

—3408, —3404 0.00081

—3420, 3416 0.00065

—3479 0.0026

—3496 0.00022

—3504, —3502 0.0047

—3543 0.0000029

Note: P value means T2DM compared with nondiabetic islets.

expression, mainly in the field of epigenetics.'"® DNA
methylation and histone modification represent two major
chromatin remodeling processes that can integrate cellular
environmental signals through gene regulation and various
transcriptional mechanisms to dynamically regulate gene
transcription in response to internal and external stimuli.
Consequently, disruption of epigenetic regulation may
exert a variety of pathophysiological effects and likely
contributes to the etiology of diabetes as well.

Histone methylation usually occurs on lysine or argi-
nine residues of histones H3 and H4. Histone methylation
is more stable and durable than histone acetylation.
(HDACs) deacetylate histones
which leads to chromatin compression and inhibits gene

Histone deacetylases

transcription. Studies reveal that the epigenetic signature
of HDAC3 was significantly elevated in patients with
T2DM compared to control subjects.*’ HDAC inhibition
is observed to have a protective role on B-cell prolifera-
tion, function and glucose homeostasis.*> High expression
of HDAC?7 impairs the secretory ability of rat islet cells,
and the expression level of islet HDAC?7 is significantly
increased in T2DM patients compared with healthy
group.*® The HDAC inhibitor MC1568 rescued this secre-
tory impairment caused by increased expression of
HDAC7."”

Research has demonstrated that $-cell dysfunction in the
pathogenesis of type 2 diabetes is partly due to histone
modifications at the PDX-1 promoter.* Gao et al revealed
that pancreatic islet PDX-1 gene proximal promoter histone
modifications were pivotal for PDX-1 expression and islet -
cell function in a catch-up growth (CG) model.*® Their
animal experiments showed that Liraglutide treatment in
the CG rats increased PDX-1 expression with reduced
recruitment level of histone H3 lysine 9 dimethylation
(H3K9me2) at the PDX-1 proximal promoter. In primary
islet culture, the increased PDX-1 mRNA expression after
the treatment of HDAC inhibitor (Trichostatin A, TSA) and
Liraglutide was found to be negatively correlated with
H3K9me?2 recruitment at the PDX-1 proximal promoter.

LncRNAs and circRNAs in Diabetes
In addition to classical epigenetic modifications, a variety
of noncoding RNAs (ncRNAs) have been found in differ-
ent cells and organs, many of which are involved in the
regulation of metabolic processes. LncRNA is a type of
noncoding RNA with a transcription length greater than
200 nucleotides which epigenetically regulate the expres-
sion of genes but do not have protein-coding potential.
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LncRNAs have been found to be involved in the patho-
physiological processes of diabetes.>® Studies suggest that
IncRNAs H19 interacts with methyl-CPG binding domain
protein 1 to recruit H3K9 methyltransferase into its own
imprinted gene network, thus controlling gene expression
of a given network member.”’” LncRNA PDX-1 related
IncRNA transcriptional upregulation factor (PLUT) is
highly expressed in the nucleus of islet cells, and its
enhancer region can bind to the promoter of the key
pancreatic cell transcription factor PDX-1 to participate
in the regulation of the transcription and differentiation
of islet cells.”® The PDX-1, MafA and GLUT2 expression
levels were upregulated after IncRNA-p3134 overexpres-
sion both in vitro and vivo.*® Studies have shown that
IncRNA MALAT1 induces the dysfunction of  cells via
the reduction of the H3 histone acetylation of the PDX-1
promoter and subsequently inhibiting the expression of
PDX-1, thus suppressing the insulin secretion.*’

CircRNAs are closed, circular, non-coding RNAs
which have the characteristics of structural stability and
tissue specificity.*' Studies have revealed that circRNAs
play important roles in the occurrence and development of
T2DM.*'*? For instance, circRNA HIPK3 has been shown
to contribute to hyperglycemia and insulin resistance via
sponging miR-192-5p and upregulating FOXO1.* Among
the selected circRNAs, circRNA ANKRD36 was found to
be significantly upregulated in T2DM patients in compar-
ison to the control group.** More research work is needed
to fully understand the functions and mechanisms of
circRNAs in the pathophysiology of T2DM.

DNA Methylation and Diabetes

DNA methylation is a basic and stable DNA modification,
which not only regulates gene expression, but also plays
a significant role in regulating chromosome stability.*>**
It was found that DNA methylation plays a critical role in
multiple pathological processes, including metabolic dis-
eases. The role of DNA methylation has been implicated
in the progression of T2DM, which may be related to the
alteration in mitochondria, cellular proteins, lipids, and
nucleic acids caused by inflammation or oxidative
stress.*” The strand breaks in DNA can affect DNA methy-
lation and DNA lesions can influence DNA-protein and
protein—protein interactions, leading to aberrant patterns of
DNA methylation.”® Diet and a sedentary lifestyle may
also promote biochemical changes in cells through an
epigenetic regulation mechanism. DNA methylation is
DNMTs, in CpG

catalyzed by the and cytosine

dinucleotides is a favorite substrate for DNMTs. Under
the catalysis of DNMT, S-adenosine methionine is used
as a methyl donor to transfer methyl to the 5th carbon
atom of cytosine and becomes 5-methyl cytosine.”'
DNMT]1 transmits cytosine methylation through replica-
tion by recognizing methylated cytosine from existing
DNA strands to its new mate, and is mainly responsible
for maintaining DNA methylation in cells.”> DNMT3A
and DNMT3B are other two catalytically active DNMTs
mainly involved in de novo methylation to establish
a novel methylation model.>® Notably, DNA methylation
is usually associated with gene silencing, and promoter
methylation tends to lead to gene silencing, demonstrating
a direct link between epigenetic modification and gene
activity. There exists accumulating evidence that epige-
netic changes caused by methylation may lead to the
alteration of metabolic imprinted genes resulting in the up-
regulation or down-regulation of the pancreatic develop-
ment, cell function, peripheral glucose uptake, and insulin
resistance.>*>°

DNA methylation can modify gene expression in sev-
eral ways, for example, by altering histone interactions,
influencing transcription factor binding, and/or recruitment
of methyl-binding proteins.”” However, demethylation
occurs with age due to the change in chromatin structure
and the presence of binding transcription factors on the
distal regulatory elements of the initial B-cells. The cyto-
sine methylation and demethylation system are summar-
ized in Figure 2 and discussed in detail below. Intrauterine
growth retardation (IUGR) has been linked to later devel-
opment of type 2 diabetes in adulthood.”® An abnormal
metabolic intrauterine milieu affects the development of
the fetus, which may be mediated through permanently
modifying gene expression of susceptible cells. Altered
gene expression persists after birth, suggesting that an
epigenetic mechanism may be responsible for changes in
transcription.”® Research found that expression of PDX-1
was permanently reduced in IUGR B-cells and underwent
epigenetic modifications throughout the development.®
After the onset of diabetes in adulthood, the CpG island
in the proximal promoter was methylated, resulting in
permanent silencing of the PDX-1 locus. The molecular
mechanism responsible for DNA methylation in ITUGR
islets is likely to involve histone 3 lysine 9 (H3K9) methy-
lation. As H3K9 methylation occurs during postnatal life
in IUGR islets, this would then allow recruitment of the
DNMT3A.®" Subsequent to onset of DNA methylation,
DNMT1 would then be positioned to maintain the

submit your manuscript

434

Dove

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove Liu et al
NH, NH, NH,
OH NH, Potential regulatory roles, TF Repair
HaC binding P
3
X X X
N N N
L. ) AN 5-formyl 5-carboxy
cytosine cytosine
Methylation
N 0 N o N o 5fC 5caC N N
Cytosine 5-mC 5-hmC Demethylation Cytosine

methylcytosine

hydroxymethylcytosine

Figure 2 The cytosine methylation and demethylation system. Smethyl cytosine (5mC) is generated by the action of DNA methyltransferases (DNMTs). In specific contexts,
likely driven by tissue-specific DNA-binding transcription factors, selected 5 mC residues are oxidized by TET enzymes to produce 5hmC (5-hydroxymethyl cytosine), which
can be further oxidized to 5 fC (5-formyl cytosine) and 5caC (5-carboxy cytosine). Alternatively, 5fC and 5caC can be excised by thymidine DNA glycosylase (TDG) and

repaired by the base excision repair mechanism to cytosine.

methylated state, locking in PDX-1 silencing in adult
TUGR islets.®

Studies have found that the DNA-binding transcription
factors known to maintain mature beta cells such as PDX1
and FOXA2 play a role in the recruitment of Tet enzymes
to tissue-specific enhancers in order to initiate active
demethylation.”> ®> The three enzymes encoded by the
Tet loci (“ten-eleven translocation”; Tet 1, Tet 2 and
Tet 3) can catalyze the oxidation of 5-methyl cytosine to
5-hydroxy-methyl cytosine (5 hmC), and further to 5-for-
myl and 5-carboxy-methyl cytosine.®® Therefore, charac-
DNA
methylation), which are closely involved in the regulation

terization of epigenetic changes (such as
of precise B-cells specific gene expression program to
maintain the cell’s functional state, may be a key to under-

standing T2DM islet cell plasticity.

PDX-1 and pB-Cells Function

PDX-1 is an essential mediator for the pancreas formation
during mammalian development.*>*” In mouse embryos,
PDX-1 expression is restricted to the developing pancrea-
tic anlagen and is initiated when the foregut endoderm is
committed to a pancreatic fate. PDX-1 is activated during
the early phase of embryonic development, followed by
other genes associated with glucose-reactive insulin-
producing cells (IPCs), such as insulin and GLUT2. In
mature pancreas, the function of PDX-1 is primarily con-
fined to regulate genes which are essential the function,
proliferation, and survival of the B-cells.®®*® Studies have
demonstrated that mice with PDX-1"" deletion have
almost no pancreas formation.”>’ Similarly, studies in
animal models of insulin resistance suggested that the
down regulation of PDX-1 expression may underlie the
pathogenesis of B-cells failure and T2DM.”*”" PDX-1 is
usually not present in the islets of gerbils, however, gene
have shown that PDX-1

transfer  experiments

supplementation significantly increases insulin levels and
glucose-induced insulin transcription in the islets of these
animals.”> And the gradual decrease in PDX-1 protein
levels with age may explain the increased incidence of
cell dysfunction and impaired glucose tolerance.?”-”*
Finally, the islet-specific destruction of PDX-1 results in
impaired insulin release, glucose intolerance, and diabetes.
In humans, the PDX-1 heterozygous mistranslation and
frame-shift mutations are linked to reduced insulin secre-
tion, leading to maturity-onset diabetes mellitus of the
young (MODY).”*7® Studies have shown that PDX-1
deficiency results in a reduction in cell size and prolifera-
tion of B-cells.””’® The number and volume of islets in
mice from the heterozygote PDX-1" decreased and the
susceptibility to cell death increased.””* Mice in PDX-
1" showed hyperglycemia which were associated with
increased p-cells death and reduced P-cells mass.®’
Notably, PDX-1 expression becomes confined to B-cell
over the course of development. The conditional removal
of PDX-1 from forming B-cell using insulin-driven Cre
transgenic lines results in hyperglycemia, compromised
insulin® (Ins") cells, and increased glucagon’ (Glu")
cells.®*® Feltus et al conducted a comprehensive study
to identify methylation-sensitive and methylation-resistant
genes in order to identify patterns that may elucidate the
mechanism underlying methylation-sensitivity.** Their
studies suggested that the continuous high CpG islands
methylation limited expression of related genes in fibro-
blasts, especially the homeobox genes, such as PDX-1.
Set7/9 is a lysine methyltransferase which has been
shown to interact with PDX-1 and enhance its effects on
multiple target genes.®>*® It was demonstrated that methy-
lation mediated by Set7/9 plays an important role in main-
taining PDX-1 activity and B-cells function.

It is generally believed that apoptosis is the main cause
of beta cell death when the islets or insulin-secreting beta
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cells are in various pathophysiological states.®” The
mechanism of cell apoptosis is complex. It has been sug-
gested that epigenetic mechanism also plays a role in the
regulation of apoptosis in the course of nuclear changes
experienced by apoptotic cells.®®* Studies have demon-
strated that insulin and/or insulin-like growth factor (IGF)
regulate B-cell mass by relieving forkhead transcription
(Foxol) inhibition of PDX-1
Reduced signaling via the insulin/IGF pathway appears

factor expression.”’
to be an important common mechanism for the sustained
reduction of PDX-1 expression in cell failure.”' Epigenetic
changes include recruitment of DNMTs, HDAC/msin3
complex and increased miRNA expression, resulting in
reduced IGF expression and ultimately a decrease in the
transcriptional activity of associated key cellular genes
such as PDX-1 and insulin.

Previous studies found that protein level of PDX-1 and
mRNA expression of insulin and GLUT2 were significantly
reduced in 4 weeks after 90% pancreas excision in rats, sug-
gesting that transcription factors play a vital role in the abnor-
mal development of diabetic cells.”> The presence of
transcription factors specificity in the cells may lead to the
enhancement or inhibition of the expression of various key
proteins. For example, transcription factors PDX-1 and B-cell
E-box transactivator 2 (BETA2) are associated with the expres-
sion of IAPP, GLUT2, GK, and secretin genes. A decrease in
the PDX-1 expression, or activity, resulting in impaired expres-
sion of both GLUT2 and insulin may be a more general cause
of the development of hyperglycemia that in turn may progress
to T2DM.** Study has found that DNA methylation level may
increase abnormally under high glucose concentration, which
results in decreased insulin secretion and subsequently leads to
diabetes.” This finding is coincided with reduced binding of
the transcription factor PDX-1 to corresponding elements.” In
addition, increased DNA methylation can also reduce PDX-1
mRNA and protein expression. All these suggest a critical role
of epigenetic modification of PDX-1 in the regulation of insu-
lin gene expression. Therefore, the studies of PDX-1 may
provide insights into the molecular mechanisms that are
involved in impaired insulin secretion in humans and the
potential therapeutic application of the restoration of B-cells
function in the treatment of diabetic patients.

Changes in PDX-1 Methylation

Status are Related to Diabetes

The pathogenesis of T2DM is multifactorial, involving [-
cells loss and altered B-cells function that may be attributed

to the decreased expression of transcription factors such as
PDX-1 or Nkx6.1.”® Since DNA methylation can lead to
stable alterations in the transcriptional potential, epigenetic
mechanisms may partly explain the rapidly increasing pre-
valence of type 2 diabetes.”” Studies have established that
deficiency of PDX-1 in B-cells of the pancreas results in
diabetes in rodents.” In the study of DNA methylation of
human samples Yang et al reported that DNA methylation of
PDX-1 was negatively correlated with human islet gene
expression.® Of major significance to T2DM is their finding
that PDX-1 was one of only 15 genes (of 1749 examined)
with CpG islands within the promoter that were methylation-
susceptible. Furthermore, comprehensive DNA methylation
profiling revealed a significant change in Islet DNA methyla-
tion pattern in T2DM compared to no-diabetic donors.”® %
An increase in the methylation at the PDX-1 site reduces the
expression of PDX-1 protein in the islets which has been
confirmed in the model of T2DM rats.'®!

Previous studies have shown that an adverse intrauter-
ine environment leads to reduced pancreatic PDX-1
expression and hence impaired insulin secretion and dia-
betes in adult rats.®* An explanation for this phenotype is
that epigenetic modifications of PDX-1, including both
increased DNA methylation and histone modifications,
are associated with reduced gene transcription in rat
islets.>!1017193 Collectively, all these studies evidently
support a crucial role of epigenetic modification of PDX-
1 in the occurrence and development of T2DM.

The rationale behind demethylation therapies is the
ability of DNA methyltransferase inhibitors to revert
hypermethylation induced gene silencing. The cytosine
analogues 5-azacytosine (azacytidine, Aza) is a drug for
epigenetic cancer therapies. This compound function as
a DNA methyltransferase inhibitor that has been shown
to possess substantial potency in reactivating epigeneti-
cally silenced tumor suppressor genes in vitro.'®* DNA
methylation inhibitor Aza is a cytosine analogue that binds
to newly formed DNA in dividing cells, and irreversibly
attaches to DNMT1, leading to degradation of DNMT]I,
resulting in hypomethylation.'®® It has been observed that
Aza can enhance the expression of the nuclear transcrip-
tion factor PDX-1 human stem cell lines by immunofluor-
escence staining.”’ The destruction of PDX-1 leads to
T2DM and shows increased promoter DNA methylation,
histone H3 and H4 deacetylation, and H3K9 methylation
in IUGR. These epigenetic changes and the reduction in
PDX-1 expression reversed by HDAC
inhibition.”*

could be
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Moreover, PDX-1 gene mutation results in neonatal
diabetes (NDM), and in NDM screening, even if the pan-
creas is not diseased, PDX-1 gene mutation can be used as
a basis for genetic diagnosis.'®® In pancreatic neuroendo-
crine tumors (PNENSs), epigenetic deregulation is consid-
ered to be of great significance, and studies have shown
that the application of PDX-1 methylation status in the
subtyping of PNENs and its prognostic value.'”” It is
worthy of noting that besides PDX-1 expression, the
DNA methylation profile of the PDX-1 gene region is
valuable in distinguishing two PNEN subtypes, A and B,
which illustrate a link to their respective cell-of-origin, o-
cells and B-cells. The two subtypes seem to have different
clinicopathological characteristics, a different molecular
profile and a different prognosis, with significantly worse
outcomes in subtype A PNENs.

The Treatment of T2DM is Related
to the Expression of PDX-I

In recent years, preclinical studies have focused on the
therapeutic potential of PDX-1 for reversing type 1 dia-
virus-mediated PDX-1
expression in hepatocytes seems to stimulate a range of

betes recently. For example,

pancreatic related genes, including insulin, leading to
a reversal of chemically induced diabetes in mice.'®* '
In addition, the use of protein transduction domains can
inspire potential B-cells precursors by in-vivo delivery of
PDX-1

Studies have demonstrated that the role of glucagon-like

proteins, thus opening therapeutic pathways.

peptide 1 (GLP-1) in promoting the growth and formation
of adult cells may depend on the activation of PDX-1 in B-
cells."'*""3 GLP-1 is an insulin secretory promoter, which
can increase the expression of PDX-1 and the size of the
islets. Current studies have also shown that Exendin-4,
a synthetic stable GLP-1 analogue, is a promising drug
for the treatment of T2DM,''* which improves cell func-
tion by activating PDX-1 transcription.''> Exendin-4 can
reverse the inhibitory state of PDX-1, prevent DNMT]I
binding to PDX-1, and normalize histone modification
and DNA methylation state.''® GLP-1 analogue, liraglu-
tide, promotes insulin synthesis and increases cell viability
by restoring the expression of PDX-1 in B-cells cultured

with high glucose 17

and high free fatty acids.
Coxsackievirus B type 4 (CVB4) infection causes uncon-
ventional prefoldin RPB5 Interactor (URI) loss in B-cells,
leading to DNMT]1 expression and PDX-1 silencing, and

subsequently inducing B-cell loss and hyperglycemia.

Demethylating agent procainamide-mediated DNMT1
inhibition has been shown to reinstate PDX1 expression
and protects against diabetes in pancreatic URI-depleted
mice.'"® Acarbose is a prescribed medicine for the treat-
ment of type 2 diabetes that has been demonstrated to
promote the proliferation of islet B-cells and inhibit
PDX-1 methylation in islet p-cells from diabetic mice.'"’
In addition, it has been shown that the expression of PDX-
1 can be induced by various approaches as demonstrated
in the study of differentiation of mesenchymal stromal
cells (MSC) into B-cells.120

Studies reveal that high blood glucose would reduce
the expression of PDX-1 gene in human pancreatic islets
and increase the DNA methylation of PDX-1.° Although
the expression of PDX-1 was decreased in those cells
exposed to high glucose, the expression of PDX-1 methy-
lation and Dnmtl was markedly increased. The expression
level of PDX-1 is related to insulin secretion in human
islets. Importantly, islets from T2DM patients with hyper-
glycemia show increased DNA methylation and reduced
PDX-1 expression, leading to insulin secretion suppression

and diabetes,:;o’g&g9

which clearly suggests that epigenetic
modification of PDX-1 may play a role in the development
of T2DM.

Recent research by Xiao et al has found that using gene
therapy can reverse diabetes by converting a-cell in the
pancreas into fully functioning B-cells.'' They used an
adeno-associated virus (AAV) vector technology to secrete
into the pancreas two proteins, PDX-1 and macrophage
activating factor (Mafa), which reprogrammed a-cells into
insulin-producing cells.'?' Previous studies by Bramswig
et al revealed that treatment of cultured pancreatic islets
with a histone methyltransferase inhibitor leads to coloca-
lization of both glucagon and insulin and glucagon and
PDX-1 in human islets.'* Their findings suggest that
a more targeted manipulation of the histone methylation
signature in a histone modification and gene-specific man-
ner might be exploited to promote a more complete human
o to B cell fate conversion.

Interestingly, an epigenetic modification approach has
recently been employed to promote the differentiation of
MSC into glucose-sensitive insulin-secreting cells through
epigenetic modification, thus enhancing the regeneration
solution of diabetes.”” The results in this study showed
that the levels of DNA methylation in cells treated with
Aza
reduced, and the expression of nuclear transcription factor

methyltransferase  inhibitor were significantly

PDX-1 was enhanced, while the inhibition of methylation
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enhanced insulin production in differentiated cells.”” The
a-cell transcription factor Arx, a DNA-binding protein, is
required for the maintenance of a-cells, but it also needs to
be repressed in B-cells to prevent their transdifferentiation
into glucagon-producing cells.'**'?* Tt seems likely that
the reduction in promoter/enhancer methylation within
transcriptional control sequences of key B-cell genes such
as Insulin, PDX-1 and Nkx6.1 combined with loss of Arx
permits activation of these genes.®*'?>'?® In addition,
simultaneous deletions of DNMT1 and the a-cell regulator
Arx may induce B-cells reprogramming in vivo.' All
these suggest that additional extrinsic signaling modula-
tion could additively enhance the pace and quality of a-to
-B cells conversion achieved after targeted Arx and
DNMT1 inactivation. Furthermore, based on the probable
effect of DNA methylation on insulin synthesis and secre-
tion, promoting the differentiation of stem cells into insu-
lin-secreting cells under the action of DNA demethylation
agents may be a feasible treatment strategy in the future.

Conclusion and Perspectives

Type 2 diabetes is a complex multifactorial disease with
both genetic and environmental underpinnings in which
epigenetic mechanism is integrated to play a role in the
pathological progression. Supplementing classical genetic
research with emerging epigenetic tools may be an impor-
tant approach to explore the molecular causes of complex
human disease development. In this review, we elaborate
on some of the findings of epigenetic regulation of PDX-1
in diabetes research, and discuss ways to induce the self-
reinforcing transcriptional networks that maintain B-cells
identity, including PDX-1, which may be a viable treat-
ment strategy for treating T2DM. Further studies of epi-
genetic regulation of PDX-1 and a more in-depth
understanding of PDX-1 in regulating islet-specific genes
both in normal and diabetic states will provide insights for
identifying potential therapeutic pathways and designing
a new generation of epigenetic drugs. In addition, DNA
methylation, as a chronic mechanism of long-term gene
regulation, is increasingly recognized to be involved in the
regulation of chronic diseases. It is possible that the iden-
tification of hypermethylated genes that can become
demethylated and reactivated by drug treatment will be
an important area for future research.
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