
Selective and sequential loss of transcriptional
factors: A hallmark of b-cell failure in type 2
diabetes?

The compensatory increase in the mass
of b-cells in response to peripheral insu-
lin resistance contributes to the preven-
tion of diabetes. Glucokinase-mediated
glucose signaling and insulin receptor
substrate (IRS)-2-mediated insulin signal-
ing in the b-cells play crucial roles in the
proliferation of the b-cells in this pro-
cess1. When the b-cell mass fails to
increase to compensate for the increased
insulin demand, type 2 diabetes becomes
manifest. Loss of b-cell functional activity
results in the development of the abso-
lute or relative insulin insufficiency
observed in patients with type 1 and
type 2 diabetes, respectively. On the basis
of the pathophysiological mechanism,
rescue from b-cell failure is an essential
target for appropriate diabetes therapy.
In the presence of diabetes, b-cells are

exposed to hyperglycemia, increased free
fatty acids, advanced glycation end-prod-
ucts, glycated serum substances, inflam-
matory cytokines, hypoxia and abnormal
neural regulation. These factors coordi-
nately lead to oxidative stress, endoplas-
mic reticulum (ER) stress, uncontrolled
autophagy, decreased proliferative capac-
ity and cell death of b-cells. Oxidative
stress is thought to be the primary mech-
anism underlying the b-cell dysfunction
induced by chronic exposure to hypergly-
cemia, namely, glucose toxicity. Oxidative
stress is also linked to ER stress and
inflammation in b-cells. b-Cells show
extraordinary vulnerability to superoxide
damage as a result of the low levels of
expression of anti-oxidant enzyme genes.

Musculoaponeurotic fibrosarcoma
oncogene family A (MAFA) is one of the
large Maf transcription factors, a subgroup
of the basic leucine-zipper family includ-
ing MAFA, MAFB, c-MAF and neural ret-
ina leucine zipper (NRL). These proteins
are characterized by N-terminal transacti-
vation and C-terminal basic leucine-zipper
deoxyribonucleic acid (DNA)-binding
domains. MAFA is heavily phosphory-
lated in vivo, which affects its stability,
DNA-binding capacity, transactivation
and oncogenic potential. Dephosphoryla-
tion by phosphatases has been shown to
inhibit the DNA-binding properties of
MAFA in vitro. Pancreatic duodenal
homeobox 1 (PDX1), a member of the
large family of homeodomain (HD)-con-
taining transcription factors, is associated
with both type 2 diabetes and maturity-
onset diabetes of the young (MODY)-4.
PDX1 is expressed in the precursors in the
endocrine and exocrine compartments of
the pancreas, and plays essential roles in
pancreas development, b-cell differentia-
tion and maintenance of mature b-cell
function by regulating several b-cell-
related genes. MAFA binding to the C1
element in the insulin gene enhancer
region is crucial for insulin gene transcrip-
tion, together with PDX1 binding to the
A3 element and neurogenic differentia-
tion-1 binding to the E1 element. The
expression levels and DNA-binding capac-
ity of MAFA and PDX1 are reportedly
decreased in the presence of oxidative
stress induced by chronic high glucose
exposure of b-cells. Reduction of these
transcription factors has been shown to be
correlated with the loss of insulin gene
expression. Anti-oxidant treatment was
shown to recover the failure, induced by
chronic exposure to high glucose concen-
trations, of MAFA and PDX1 expressions,
and of their DNA binding. In the presence

of chronically high glucose levels, downre-
gulation of MAFA occurred earlier than
that of PDX1. These stress conditions
affect PDX1 by altering its subcellular
localization from the nucleus to the cyto-
plasm, but inhibit MAFA activity through
messenger ribonucleic acid processing, sta-
bilization and changing the cellular locali-
zation. Although the nuclear PDX1 level is
unaffected under oxidative stress in db/db
mice, MAFA is translocated to the cyto-
plasm, and p38 mitogen-activated protein
kinase (MAPK)-mediated degradation is
increased2. Transgenic b-cell-specific over-
expression of glutathione peroxidase-1
(Gpx1) rescues the b-cell functions, islet
b-cell ratio, insulin granulation and
nuclear MAFA content in db/db mice2.
Prolonged exposure of the islets to fatty
acids also inhibits insulin gene transcrip-
tion by impairing MAFA expression and
PDX1 nuclear localization. However, the
temporal, ordinal, and selective control of
these transcription factors and other mole-
cules in the b-cells during the onset and
progression of diabetes remains unclear.
Recently, Guo et al.3 found that selec-

tive loss of MAFA, MAFB, NK transcrip-
tion factor-related, gene family 6, locus 1
(NKX6.1) and PDX1 contribute to b-cell
failure in the course of development of
diabetes (Figure 1). They showed that
MAFA and/or MAFB are early and very
sensitive targets of oxidative stress in
b-cells. Furthermore, they showed that
NKX6.1 and PDX1 are the subsequent tar-
gets in the b-cells under conditions of
oxidative stress. Under oxidative stress
conditions induced by hydrogen peroxide
(H2O2), MAFA were translocated from
the nucleus to the cytoplasm and dephos-
phorylated, which was mediated by cova-
lent dimer formation by the C-terminal
cysteines in the b-cells. Treatment with
H2O2 also evoked dephosphorylation and
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cytoplasmic translocation of NKX6.1.
Concurrently, the binding activity of
PDX1 to endogenous target gene pro-
moter sequences was also attenuated. It
was noteworthy that the expressions and
DNA-binding capacity of other key b-cell
transcriptional factors were unaffected.
Oxidative stress was triggered progres-
sively in the b cells in obese hyperglycemic
db/db mice. In the db/db islets, the nuclear
content of NKX6.1 was drastically dimin-
ished, which was rescued by b-cell-specific
transgenic expression of Gpx1, as well as
MAFA or PDX1. Interestingly, sequential
analysis of the endocrine pancreas in
the db/db mouse showed transient cell
proliferation at 4 weeks, forkhead
box O1 (FOXO1) nuclear translocation at
6 weeks, loss of MAFA and its target
glucose transporter/Slc2a2 (GLUT2) at
8 weeks, and reduction of nuclear
NKX6.1 at 8 weeks in the b-cells. Further-
more, selective loss of MAFA, MAFB,
NKX6.1 and PDX1 was shown in the islets
of humans with type 2 diabetes. Although
MAFB expression is lost in rodent b-cells
soon after birth and detected only in
a-cells, both a- and b-cells in the human
islets retain MAFB expression into adult-
hood. While MAFB is thought to play a
role in the development of both a- and
b-cells, and its expression is also impli-
cated in b-cell adaptation during preg-
nancy in mice, the role of MAFB in
human islets still remains unclear. MAFB
expression was downregulated in the

b-cells of humans with type 2 diabetes,
but not in the a-cells3. However, as afore-
mentioned, the physiological role of
MAFB in adult human islet cells still
remains unclear. This gene might provide
new clues to understanding the dissimilar-
ities between human and rodent b-cells.
Insulin signaling, including through

the phosphoinositide-3 kinases (PI3Ks),
IRS-2, pyruvate dehydrogenase kinase
(PDK) through V-akt murine thymoma
viral oncogene homolog (AKT), and their
downstream molecule FOXO1 promotes
cell proliferation and survival of b-cells.
Translocation of FOXO1 from the cyto-
sol to the nucleus was an earlier event
than inactivation of MAFA, NKX6.1 and
PDX1 during the course of development
of b-cell failure in db/db mice3. Both oxi-
dative stress and ER stress induced trans-
location and retention of FOXO1 in the
nucleus. b-Cell-specific deletion of
FOXO1 aggravated glucose tolerance in
db/db mice. These findings show that
impairment of insulin signaling could
cause b-cell dysfunction through FOXO1
translocation, and subsequent inactivation
of MAFA and PDX1. Downregulation of
glucokinase activity triggered nuclear
retention of FOXO1 through insufficient
insulin signaling in the b-cells of a
mouse model of diet-induced obesity
(DIO)1. Meanwhile, glucokinase activa-
tion ameliorated ER stress-induced b-cell
apoptosis, in part through downregulat-
ing the pro-apoptotic protein, C/EBP

homologous protein, in a MAPKs
extracellular signal-regulated kinase 1/2-
dependent manner4. These results are
concordant with the view that MAFA
regulates the expression of C/EBP
homologous protein, mediated by
(dependent on) extracellular signal-regu-
lated kinase 1/21/2, in glucose-stimulated
b-cells5. Surprisingly, b-cell-specific
FOXO1 deletion reportedly induced
transdifferentiation from b-cells to a-cells
under metabolic stress6. These FOXO1-
deficient b-cells had lost the expressions
of PDX1, MAFA and insulin, and instead
expressed the progenitor markers neurog-
enin 3 (NEUROG3), v-myc avian myelo-
cytomatosis viral oncogene lung
carcinoma-derived homolog (MYCL), na-
nog homeobox (NANOG) and POU
class 5 homeobox 1 (1 POU5F1). Mean-
while, according to one study, the expres-
sions of NEUROG3, MYCL, NANOG
and POU5F1 are unchanged in human
diabetic islets3. Hence, the conversion of
cell fate between a-cells and b-cells in
human diabetic islets is still controversial.
Cell fate determination between b-cell
apoptosis and b-cell dedifferentiation is a
major question that needs to be
addressed in future studies in this area of
research.
Accumulating evidence suggests that

restoration of the specific aforementioned
transcriptional factors could be an appro-
priate therapeutic strategy for preventing
b-cell failure in diabetes. The time might
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Figure 1 | Schematic diagram of inactivation of b-cell transcriptional factors in the development of diabetes. (a) Nuclear localization of forkhead
box O1 (FOXO1) is the initial step in the maladaptation of b cells. (b) Sustained hyperglycemia or oxidative stress induces dephosphorylation,
dimerization, translocation to the cytoplasm and loss of musculoaponeurotic fibrosarcoma oncogene family A (MAFA). (c) This behavior of might
also be applicable to MAFB in human b-cells. Reduction of nuclear NK transcription factor-related, gene family 6, locus 1 (NKX6.1) is the next step
of b-cell failure. (d) Finally, the contents of pancreatic duodenal homeobox 1 (PDX1) and FOXO1 are diminished, causing further impairment of
insulin production, reduction of the b-cell mass, and overt diabetes.
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have come to contemplate the feasibility
of application of this strategy in patients
with diabetes. Further study is required
to understand the mechanisms underly-
ing the selective downregulation of
transcriptional factors in the pancreatic
b-cells. In addition to the genetic back-
ground, epigenetic regulation by environ-
mental cues could also be involved in
this process. Above all, unraveling of the
pathogenetic mechanisms of diabetes in
human patients is required to open new
avenues for the development of b-cell-
protective interventions.
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