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Abstract
Aims/hypothesis The plasticity of adult somatic cells allows
for their dedifferentiation or conversion to different cell types,
although the relevance of this to disease remains elusive.
Perturbation of beta cell identity leading to dedifferentiation
may be implicated in the compromised functions of beta cells
in diabetes, which is a current topic of islet research. This
study aims to investigate whether or not v-Maf musculoapo-
neurotic fibrosarcoma oncogene family, protein A (MafA), a
mature beta cell marker, is involved in maintaining mature
beta cell phenotypes.
Methods The fate and gene expression of beta cells were
analysed in Mafa knockout (KO) mice and mouse models of
diabetes in which the expression of MafAwas reduced in the
majority of beta cells.
Results Loss of MafA reduced the beta to alpha cell ratio in
pancreatic islets without elevating blood glucose to diabetic
levels. Lineage tracing analyses showed reduced/lost expres-
sion of insulin in most beta cells, with a minority of the former
beta cells converted to glucagon-expressing cells inMafa KO

mice. The upregulation of genes that are normally repressed in
mature beta cells or transcription factors that are transiently
expressed in endocrine progenitors was identified inMafaKO
islets as a hallmark of dedifferentiation. The compromised
beta cells in db/db and multiple low-dose streptozotocin mice
underwent similar dedifferentiation with expression of Mafb,
which is expressed in immature beta cells.
Conclusions/interpretation The maturation factor MafA is
critical for the homeostasis of mature beta cells and regulates
cell plasticity. The loss of MafA in beta cells leads to a deeper
loss of cell identity, which is implicated in diabetes pathology.
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Abbreviations
BrdU 5′-Bromo-2′-deoxyuridine
CHGA Chromogranin A
DNMT DNA methyltransferase
GFP Green fluorescent protein
HFD High fat diet
KO Knockout
MafA v-Maf musculoaponeurotic fibrosarcoma

oncogene family, protein A
MafB v-Maf musculoaponeurotic fibrosarcoma

oncogene family, protein B
MLD Multiple low-dose
NeuroD1 Neurogenic differentiation 1
PDX1 Pancreatic and duodenal homeobox 1
SYP Synaptophysin
RIP Rat insulin 2 promoter
STZ Streptozotocin
TEM Transmission electron microscopy
YFP Yellow fluorescent protein

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-014-3464-9) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

W. Nishimura (*) :K. Yasuda (*)
Department of Metabolic Disorders, Diabetes Research Center,
Research Institute, National Center for Global Health and Medicine,
1-21-1 Toyama, Shinjuku-ku, Tokyo 162-8655, Japan
e-mail: wnishimura@jichi.ac.jp
e-mail: kyasuda@ri.ncgm.go.jp

W. Nishimura
Division of Anatomy, Bio-imaging and Neuro-cell Science,
Jichi Medical University, Shimotsuke, Tochigi, Japan

S. Takahashi
Department of Anatomy and Embryology, University of Tsukuba,
Tsukuba, Ibaraki, Japan

Diabetologia (2015) 58:566–574
DOI 10.1007/s00125-014-3464-9

http://dx.doi.org/10.1007/s00125-014-3464-9


Introduction

Increasing evidence has shown that cell differentiation is a
reversible and dynamic state in various organs in vivo [1, 2].
Cell plasticity has been intensively investigated in adult pan-
creatic endocrine cells. Lineage tracing analyses of adult
pancreatic cells for various in vivo conditions clearly demon-
strate that conversion between different pancreatic cell types
occurs in adults through changes in the expression of tran-
scription factors that are critical for endocrine cell differenti-
ation [3–8]. These findings are supported by studies reporting
that the forced expression of transcription factors convert cell
types [9–11]. In addition, recent studies have identified factors
critical for the maintenance of a mature beta cell phenotype.
The loss of a mature beta cell phenotype results in the dedif-
ferentiation of beta cells [8, 12–16], which may be implicated
in compromised beta cell function in diabetes, although the
molecular mechanisms remain unknown.

Differentiation studies have suggested that maturity status
is involved in the dedifferentiation process in committed
airway secretory cells [17], as well as in terminally differen-
tiated B lymphocytes [18] and the nuclear reprogramming
process [19]. These results suggest that differentiation is ac-
tively maintained by maturation factors in mammalian cells.
The insulin gene transcription factor v-Maf musculoaponeu-
rotic fibrosarcoma oncogene family, protein A (MafA) is
expressed in mature beta cells [20–22] and is not involved in
endocrine specification during embryonic development [23].
The ectopic expression of MafA (Mafa), pancreatic and duo-
denal homeobox 1 (PDX1 [Pdx1]) and neurogenic differenti-
ation 1 (NeuroD1 [Neurod1]) or neurogenin 3 (Ngn3, also
known as Neurog3) converts adult pancreatic acinar cells or
liver cells into insulin-expressing cells [11, 24]. In addition,
reduced MafA expression is a harbinger of beta cell dysfunc-
tion in human type 2 diabetes [25, 26]. In the present study, we
examined the role of MafA in the plasticity and homeostasis
of beta cells in mice.

Methods

Animals The Animal Care and Use Committee of the
National Center for Global Health and Medicine approved
all the animal experiments. TheMafa knockout (KO) [27] and
Mafb-green fluorescent protein (Mafb-GFP) [28] mice
analysed in this study were maintained in ICR and C57BL/
6J backgrounds (Japan SLC, Hamamatsu, Shizuoka, Japan),
respectively. The Mafa KO mice were also maintained in a
C57BL/6J background after backcrossing for more than eight
generations, and these mice were mated with rat insulin 2
promoter (RIP) CreER mice (Jackson Laboratory, Bar
Harbor, ME, USA, stock number: 008122) and Rosa-yellow
fluorescent protein (YFP) mice (Jackson Laboratory, stock

number: 006148) for the lineage tracing study. The db/db
and control db/m mice were obtained from CLEA Japan
(Tokyo, Japan). The genotyping of the mice described above
with the primers listed in electronic supplementary material
(ESM) Table 1 was performed using NaOH extraction
methods [29].

Regarding the lineage tracing studies, RIP-CreER;Rosa-
YFP mice were injected intraperitoneally with tamoxifen
(Sigma-Aldrich, St Louis, MO, USA) at 5 mg/20 g body
weight for four consecutive days. For the beta cell lineage
tracing analysis in mouse models of diabetes, a low dose
(50 mg/kg body weight) of streptozotocin (STZ; Sigma-
Aldrich) was injected intraperitoneally for five consecutive
days 1 week after the injection of tamoxifen. The mice fed a
high-fat diet (HFD) were generated with HFD 32 (CLEA
Japan).

For glucose tolerance testing, 2 g/kg body weight of glu-
cose was injected intraperitoneally after the deprivation of
food for 14–16 h. With the exception of those experiments
using multiple low-dose (MLD) STZ-induced diabetic RIP-
CreER;Rosa-YFP mice and their controls, male mice or islets
from male mice were analysed in this study.

Immunohistochemistry Immunostaining analyses were per-
formed on paraffin-embedded sections as previously de-
scribed [29] with the primary antibodies listed in ESM
Table 2. The analyses of immunohistochemistry that included
lineage tracing were based on confocal imaging. Regarding
the quantification, sections were analysed at 200 μm intervals
using the National Institutes of Health ImageJ 1.46r (http://
imagej.nih.gov/ij/).

Transmission electron microscopy Isolated islets on culture
dishes were fixed for transmission electron microscopy
(TEM) observations according to Shirato et al [30] with slight
modifications.

Quantitative RT-PCR of isolated islets Mouse islets were
isolated using collagenase digestion as previously described
[29]. Quantitative PCR amplification of cDNA from mouse
islets was performed using the TaqMan universal PCR master
mix core reagent kit with the probes listed in ESM Table 3,
and the analysis was performed using an ABI Prism 7900 and
Step One Plus (Applied Biosystems, Foster City, CA, USA);
the Ct values were measured in duplicate. The mRNA was
quantified with normalisation to beta actin expression using

the 2−ΔΔCt method. The data are presented as mean±SEM,
and statistical significance was determined using a two-tailed
unpaired Student’s t test.

5′-Bromo-2′-deoxyuridine incorporation study A dose of
100 mg 5′-bromo-2′-deoxyuridine (BrdU)/kg body weight
(Sigma-Aldrich) was injected intraperitoneally into the mice,
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which was followed by ad libitum feeding for 24 h. BrdU
incorpora t ion in the pancreas was analysed by
immunofluorescence.

Results

Mafa loss primarily results in a reduced beta cell/alpha cell
ratio To examine the effects of reduced MafA levels on beta
cells, pancreatic sections fromMafa KO mice and their litter-
mates were analysed by immunohistochemistry over time.
Mafa KO mice had normal islet morphology at birth
(Fig. 1a, b); however, increased intra-islet alpha cells were
observed as early as 4 weeks of age (Fig. 1c, d). Insulin
immunoreactivity in the beta cells was reduced in combination
with a relative increase in the number of alpha cells from
approximately 8 weeks of age (Fig. 1e, f). Cells with various
levels of insulin expression and an increased population of
cells that were not labelled with any pancreatic hormones
were observed in Mafa KO islets at 10–12 weeks of age
(Fig. 1g–l) [27]. Despite these changes in islet morphology,
fasting blood glucose in adult Mafa KO mice did not reach
diabetic levels, even at 48 weeks of age; however, these mice
were glucose-intolerant (Fig. 1m–q, ESM Fig. 1a–h) [22].
Impaired dithizone staining and reduced insulin content were
observed in the islets ofMafaKOmice (Fig. 1r–u). ATUNEL
assay showed few apoptotic beta cells both inMafa KO mice
and in wild-type pancreatic sections (Fig. 1v).

Most cells in the Mafa KO islets at 12 weeks of age were
stained with synaptophysin (SYP) or chromogranin A
(CHGA), a committed endocrine cell marker, but showed
reduced or no insulin expression (Fig. 2a–d). Moreover,
TEM of theMafa KO islets detected numerous vesicles with-
out insulin granules in beta cells (Fig. 2e, f). These results
suggest that in the Mafa KO mice beta cells vesicles formed
but were empty because of reduced insulin expression. These
insulin-negative ‘empty’ endocrine cells and the reduced beta
to alpha cell ratios observed in theMafa KO islets were rarely
found in HFD mice from 4–12 weeks of age, although the
HFD mice had blood glucose levels similar to or higher than
those of the Mafa KO mice. In addition, the HFD islets
exhibited no reduction in Mafa mRNA expression (ESM
Fig. 2). These results suggest that the loss of MafA rather than
elevated blood glucose levels, was primarily responsible for
abnormal islet morphology in the adultMafaKOmice, which
is also a characteristic change in type 2 diabetes. The results
also point to the importance of MafA in maintaining a mature
beta cell phenotype.

MafA is an intrinsic factor for beta cell homeostasis To ex-
amine whether or not the SYP+insulin− or CHGA+insulin−

cells originated from beta cells, a lineage tracing study of

insulin-expressing cells in MafA KO mice was performed
using theMafaKO;RIPCreER;Rosa-YFPmice. In these mice,
tamoxifen injection induces Cre recombinase specifically in
insulin-expressing cells and causes YFP expression at the
Rosa locus. YFP enables the tracking of beta cell fates
(Fig. 2g). More than 90% of the beta cells were labelled with
YFP in the system used in this study (ESM Fig. 3a–d).
Tamoxifen was injected into MafaKO;RIPCreER;Rosa-YFP
mice and control wild-type;RIPCreER;Rosa-YFP mice at
4 weeks of age, and these mice were analysed at 12 weeks
of age. Confocal imaging analysis of immunohistochemistry
showed beta cells clearly labelled with YFP in the
MafaKO;RIPCreER;Rosa-YFP mice (Fig. 2h–k), suggesting
that insulin promoter activity and insulin expression (Fig. 1c,
d) in the beta cells were not affected by MafA loss up to
4 weeks of age. Collectively, these results suggest that MafA
is dispensable for beta cell formation in embryonic and neo-
natal pancreas tissues, although it remains unclear whether or
not the beta cells in the pancreas of 4 week oldMafaKOmice
were mature.

At 12 weeks of age, impaired insulin expression was ob-
served in many YFP-expressing cells in theMafa KO pancre-
as tissues (Fig. 2h, i), although the fasting blood glucose levels
of theMafaKO;RIPCreER;Rosa-YFP mice did not reach dia-
be t i c l eve l s (F ig . 2 l–n ) . I n t e r e s t i ng ly, i n t he
MafaKO;RIPCreER;Rosa-YFP pancreas a small proportion
of YFP+ cells derived from the beta cells expressed glucagon
(Fig. 2j,k). Immunohistochemistry quantification revealed
that 2.6% of the total glucagon+ cells expressed YFP (n=
991), whereas these glucagon+ YFP+ cells were not observed
in controls (n=361). These results suggest that most beta cells
at 4 weeks of age had lost insulin expression, and only a few of
these cells were converted to glucagon+ cells between 4 and
12 weeks of age with MafA loss. Although the proportion of
glucagon+ cells in the islets remained high (ESM Fig. 3e),
glucagon+ cell proliferation was not accelerated in the Mafa
KO islets compared with the control islets (ESM Fig. 3f–h),
which suggests that reduced beta cell proliferation [31, 32], in
addition to cell conversion, may contribute to the increased
proportion of glucagon+ cells in Mafa KO islets.

Transcriptional changes in the islets of Mafa KO mice An
mRNA expression analysis of the Mafa KO islets identified
selective reduction in the expression of molecules critical for
beta cell functioning, such as Ins1, Ins2, Glut2 (also known as
Slc2a2), ZnT8 (also known as Slc30a8), Pcsk1, Vdr, Sytl4,
Ucn3 andMaob, although the expression of Gck, Kir6.2 (also
known as Kcnj11) and Sur1 (also known as Abcc8), which are
critical for glucose-stimulated insulin secretion, did not de-
crease (Fig. 3a). Expression of the transcription factors impor-
tant for the maintenance of beta cells differentiation, such as
PDX1, NeuroD1, paired box protein 6 (PAX6), forkhead box
protein O1 (FOXO1) and Nkx6.1 [8, 12, 33], was also mildly
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decreased in Mafa KO islets (Fig. 3b). Interestingly Slc16a1,
which is ubiquitously expressed in most tissues but specifi-
cally repressed in adult beta cells (a ‘disallowed’ gene) [34,
35], was upregulated in Mafa KO islets (Fig. 3a). In parallel,
the expression levels of Mafb, Pax4, Ngn3 and Sox9, factors

transiently expressed in endocrine progenitors of the embry-
onic pancreas [21, 22], were increased in the Mafa KO islets
(Fig. 3b). In addition to these changes in islet factors, relative
increases in the expression of Sox2, Nanog and Mycl were
detected, although with the exception of Mycl, these were
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Fig. 1 Abnormal islet morphology in the Mafa KO mice. (a–l) Repre-
sentative islet of the Mafa KO and wild-type mice stained for insulin
(INS; red) and glucagon (GCG; green) at postnatal day 1 (a: n=4; b: n=3)
and at 4 (c: n=3; d: n=5), 8 (e: n=5; f: n=5), 10 (g: n=5; h: n=5) and 12
(i: n=9; j: n=12) weeks (W) of age. (k, l) Islets of Mafa KO (n=9) and
wild-type (n=12) mice stained with a cocktail of non-beta cell hormones,
glucagon, somatostatin (SOM) and pancreatic polypeptide (PP) (green)
and insulin (red) at 12 weeks of age. Arrows indicate cells that were not
labelled with any pancreatic hormones in Mafa KO islets. (m) Body
weight, (n) fasting blood glucose and (o) fed blood glucose of Mafa
KO (n=8) and wild-type (n=11) mice at (m, n) 7 and 12 and (o) 14 weeks
of age. (p) HbA1c of Mafa KO (n=5) and wild-type (n=4) mice at

18 weeks of age. To convert values for HbA1c in % into mmol/mol,
subtract 2.15 and multiply by 10.929. (q) The results of i.p. glucose
tolerance testing of Mafa KO (solid line) and wild-type (dashed line)
mice at 10 weeks of age (n=4 for both of genotypes). (r–u) Analysis of
the islets isolated fromMafa KO and wild-type mice at 12 weeks of age.
(r, s) Dithizone staining of theMafa KO (r: n=3) and wild-type (s: n=3)
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and wild-type (n=11,767 cells from 10mice) mice. The means±SEM are
shown. Scale bars, 20 μm. **p<0.01, *p<0.05
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several orders of magnitude below the functional levels seen
in embryonic stem cells (Fig. 3c, ESM Fig. 3i). These results
suggest that beta cell dedifferentiation induced the upregula-
tion of molecules, including in the ‘disallowed genes in ma-
ture beta cells’ [34, 35], and reduced the expression of key
molecules for beta cells, leading to altered metabolism and
impaired insulin release in Mafa KO beta cells.

The expression of DNA methyltransferases was analysed
because the loss of DNA methyltransferase (DNMT) 1 or
DNMT3a results in a conversion from beta cell to alpha
cell [4, 5]. Dnmt1 and Dnmt3a expression was de-
creased in the Mafa KO islets (Fig. 3d), whereas
Dnmt3l was upregulated, which may play a role in the
maintenance of hypomethylation at promoters of biva-
lent developmental genes [36].

Be t a c e l l s i n d b / d b and MLD-STZ m i c e a re
dedifferentiated The beta cells in a diabetes mouse model
were subsequently examined because MafA expression
was reduced in the beta cells of diabetic mice (ESM
Fig. 4a, b) and it was more sensitive to glucotoxic change
than PDX1 (ESM Fig. 4c, d) as previously described [25,
26, 37]. In db/db mice, the beta to alpha cell ratio was
reduced and hormone-negative cells were increased in the
islets (ESM Fig. 4e–h). The db/db;RIPCreER;Rosa-YFP
mice and control db/m;RIPCre;Rosa-YFP mice were gen-
erated and injected with tamoxifen at 8 weeks of age
(Fig. 4a). A pancreas analysis at 12 weeks of age detected
YFP-expressing cells with reduced or no insulin expres-
s i on , wh i ch i s s im i l a r t o t h e be t a c e l l s o f
MafaKO;RIPCreER;Rosa-YFP mice (Fig. 4b, c). In these
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magnification)
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pancreases, glucagon+YFP+ cells were observed in 2.1%
of the total glucagon+ cells (n=1,165) compared with
0.6% in controls (n=486), suggesting that beta cell con-
version to glucagon+ occurs in the islets of db/db mice
(Fig. 4d–h). These insulin− beta cells and glucagon+ beta
c e l l s we r e a l s o o b s e r v e d i n d i a b e t i c w i l d -
type;RIPCreER;Rosa-YFP mice 3 weeks after injection of
MLD-STZ (ESM Fig. 5). In this diabetes mouse model,
glucagon+YFP+ cells were observed in 2.8% of the total
glucagon+ cells (n=696) and these cells were 0.2% of the
total glucagon+ cells in the controls (n=424). Similar
results were observed in MafaKO;RIPCreER;Rosa-YFP
mice with or without MLD-STZ injections, suggesting
the importance of MafA loss in this phenomenon (ESM
Fig. 6).

To analyse the dedifferentiation of beta cells in the
diabetes mouse model, Mafb expression in the islets was
examined using Mafb-GFP reporter mice in which the
coding region of Mafb is replaced by GFP such that
GFP expression is driven by the endogenous Mafb
promoter (Fig. 5a) [28]. In the controls, Mafb-GFP
was localised exclusively in the alpha cells (Fig. 5c, e,
k, m). Mafb-GFP mice administered MLD-STZ had
elevated fasting glucose levels 3 weeks after injection
(Fig. 5f–i), and the pancreatic tissue clearly demonstrat-
ed a reduced beta to alpha cell ratio and increased GFP
expression in non-alpha cells (Fig. 5b–e). GFP expres-
sion was observed in 36.1% of beta cells in MLD-STZ
(n=1,016) compared with 0.5% of beta cells in the
controls (n=1,907). Diabetic db/db;Mafb-GFP mice also
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demonstrated glucagon− GFP+ cells (Fig. 5j–m). GFP
expression was observed in 39.6% of beta cells in db/
db mice (n=1,522) compared with 1.5% in controls (n=
1,158). These results suggest that the Mafb promoter
was activated in compromised beta cells in vivo. The
expression of Mafb-GFP in the beta cells was not
observed in the Mafb-GFP mice fed a HFD from 4–
24 weeks of age (data not shown), indicating that the
increased Mafb promoter activity in beta cells was in-
volved in dedifferentiation.

Discussion

In this study, we investigated the phenotypic plasticity of beta
cells and the regulatory role of the key beta cell transcription
factor MafA in this process. Our results provide strong evi-
dence that MafA is critical for the maintenance of the mature
beta cell phenotype. MafA loss primarily resulted in dediffer-
entiation of beta cells and upregulation of ‘beta cell disallowed
genes’. These findings are directly relevant to human type 2
diabetes because MafA downregulation occurs in most of the
compromised beta cells [25, 26] resulting from reactive oxy-
gen species through increased c-Jun expression [38].

This study clearly and mechanistically demonstrated the
dedifferentiation of beta cells inMafaKOmice, db/db diabet-
ic mice and mice treated with MLD of STZ through lineage
tracing experiments. Dedifferentiation of beta cells is a topic
of current islet research, and important contributions have
been published by several groups in recent years during the
course of this study [8, 13, 14]. In addition, Hang et al showed
that MafA is required in adult beta cells for the maintenance of
their phenotype but not for their initial differentiation [31],
which is consistent with our results.

Recent systemic genome-wide analyses identified a subset
of genes that are repressed specifically in beta cells [34, 35].
Inactivation of these genes ensures that beta cells efficiently
and adequately secrete insulin in response to glucose stimula-
tion. Their repression is differentiation-dependent and
established during postnatal maturation, and immature beta
cells express these ‘disallowed genes’ [34, 35]. Slc16a1 is one
of the most disallowed genes in beta cells, and it was upreg-
ulated in dedifferentiated ‘empty’ beta cells ofMafaKOmice.
This result is supported by the increased expression of factors
such as MafB that are transiently expressed in endocrine
progenitors of the embryonic pancreas. MafB is also up-
regulated in the dedifferentiated beta cells of beta cell-
specific Foxo1 KO mice with metabolic stress and Pdx1
KO mice [8, 14], and induces genome-wide changes in
DNA methylation [39]. Thus, MafB may be responsible
for the upregulation of molecules including those beta
cell disallowed genes in dedifferentiated beta cells by
inducing epigenetic changes, which have been shown to
regulate Slc16a1 expression [35, 40].

Reversing the dedifferentiation of insulin-negative beta
cells restores beta cell function after the normalisation of
hyperglycaemia [13, 33], suggesting that beta cells are plastic
until a certain stage. Our study suggests that inducing the
redifferentiation of beta cells using extrinsic factors may be
an effective treatment for diabetes and MafA may be a poten-
tial therapeutic target.

The mechanism for the formation of abnormal islet archi-
tecture in diabetes was not fully elucidated by this study. As a
limited number of former beta cells were converted into alpha
cells and alpha cell proliferation was not accelerated in Mafa
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KO islets, a tentative interpretation for the reduced beta to
alpha cell ratio is a reduction in the proliferation of beta cells
[31, 32], or an as yet unknown mechanism. The lineage
tracing of other cell types may provide novel aspects.
Additional specifically repressed genes in beta cells, including
Ldha, c-Maf (also known as Maf) and hexokinase 1, have
been reported [34, 35]. An analysis of these ‘disallowed
genes’ in the pure population of beta cells of mouse models
of diabetes with or without beta cell-specific overexpression
of MafA may indicate whether or not MafA is directly in-
volved in the repression of these genes and the prevention of
beta cell dedifferentiation.
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