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Abstract: The members of the MAF family of transcription factors are homologs of v-Maf —the
oncogenic component of the avian retrovirus AS42. The MAF family is subdivided into 2 groups, small
and large MAFs. To elucidate the role of the large MAF transcription factors in the endocrine pancreas,
we analyzed large MAF gene knockout mice. It has been shown that Mafa™~ mice develop phenotypes
including abnormal islet structure soon after birth. This study revealed that /ns7 and Ins2 transcripts
and the protein contents were significantly reduced in Mafa™~ mice at embryonic day 18.5. In addition,
Mafa™;Mafb™~ mice contained less than 10% of the insulin transcript and protein of those of wild-
type mice, suggesting that Mafa and Mafb cooperate to maintain insulin levels at the embryonic stage.
On the other hand, the number of insulin-positive cells in Mafa™~ mice was comparable to that of
wild-type mice, and even under a Mafb-deficient background the number of insulin-positive cells was
not decreased, suggesting that Mafb plays a dominant role in embryonic 3-cell development. We
also found that at 20 weeks of age Mafa™";Mafb*~ mice showed a higher fasting blood glucose level
than single Mafa™~ mice. In summary, our results indicate that Mafa is necessary for the maintenance
of normal insulin levels even in embryos and that Mafb is important for the maintenance of fasting

blood glucose levels in the Mafa-deficient background in adults.
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Introduction

The endocrine pancreas is composed of the islets of
Langerhans scattered within exocrine tissue. The adult
islets contain 4 main cell types and secrete different
hormones: a cells secrete glucagon, f cells secrete insu-

lin, d-cells secrete somatostatin, and PP-cells secrete
pancreatic polypeptide [10, 28]. In rodents, S-cells,
which occupy the core of the islets, secrete insulin to
reduce blood glucose levels, and work as a central de-
terminant of maintaining glucose homeostasis [27].
The proximal insulin promoter, located on chromo-
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some 11 in humans, has been extensively investigated to
understand how insulin transcription is controlled in
p cells [26]. The promoter, approximately 400 base pairs,
contains several regulatory elements including A boxes,
GG boxes, CRE elements, C elements, and E boxes [12].
A number of S-cell specific and ubiquitously expressed
transcription factors contribute remarkably to proper
insulin transcription among species. Specifically, these
are Pancreatic Duodenum Homeobox-1 (PDX1) on A3
box, Neurogenic Differentiation 1 (NEUROD1) on El
element, and v-Maf Avian Musculoaponeurotic Fibrosar-
coma Oncogene Homolog A (MAFA) on C1 element [33].

MAFA is a member of the large MAF protein family
[14, 25]. The family is comprised of 4 basic-leucine zip-
per transcription factors, MAFA, MAFB, c-MAF, and
NRL. In the endocrine pancreas of embryos, Mafa is
expressed only in £ cells and Mafb is expressed in both
o and f cells. However, in adults, Mafa and Mafb are
preferentially expressed in f cells and a cells, respec-
tively [2, 22]. Therefore, this switch from Mafb to Mafa
expression in S cells is considered to be crucial for the
functional maturation observed in both mouse models
and in human embryonic stem cell differentiation [16, 22].
Previously we reported that Mafa-deficient mice exhibit
no obvious phenotype at birth, but after birth exhibit
impaired glucose-stimulated insulin secretion and struc-
tural abnormalities of the Langerhans islets [34]. In con-
trast, Mafb-deficient mice show a substantial reduction
of a and f cells throughout embryogenesis, demonstrat-
ing the importance of Mafb in the differentiation of both
cell types [1]. Interestingly, whereas Mafb- and c-Maf-
deficient mice die within a few hours after birth because
of developmental defects, Mafa-deficient mice are born
at predicted Mendelian ratios and are fertile [3, 15, 20, 34].
We further reported that Mafa has an intense and sustain-
able role in f-like cell production in the liver in com-
parison to Mafb, indicating the difference in reprogram-
ming cell potency between the genes [21].

In the present study, we analyzed insulin and glucagon
expressions in compound knockout mice of the large
Maf genes. It has been shown that Mafb and Mafa have
roles in S cells before and after birth respectively
[2, 7, 11]. In addition, our results indicate that Mafa is
necessary for the maintenance of normal insulin levels
even in embryos and that Mafb contributes to the devel-
opment of hyperglycemia in the Mafa-deficient back-
ground in adults as well as in embryos.

Materials and Methods

Mice

Previous studies have described in detail the Mafa
(129SV;ICR-Mafa"”1 (LacZ) Staka/tml (LacZ) Staka)’ Mafb
(129SV;ICR-qubtm1 (gfp) Staka/tml (gfp) Staka)’ and c-Maf
(129Sv;ICR-Mafm! (LacZ) Mym/im1 (LzcZ) Mym) gene knockout
mice used in the current study [15, 20, 34]. In this study,
the genotypes of the mutants were abbreviated as follows
according to the number of alleles: wild-type (WT),
Mafa™~ (A0), Mafb*’~ (Bl), Mafb~~ (BO0),
Mafa™"";Mafb*’~ (AOB1), Mafa™"";Mafb~"~ (AOBO), c-
Maf™~ (C1), and c-Maf~~ (C0) mice. The genetic back-
ground of the mice used in this study was mixed with
contributions from the 129Sv/J and Jcl:ICR strains. Mice
were maintained under pathogen-free conditions in the
Laboratory Animal Resource Center, University of Tsu-
kuba. All experiments were performed according to the
Guide for the Care and Use of Laboratory Animals at
the University of Tsukuba (authorization number 14—
050). The day of vaginal plug discovery was designated
embryonic day (E) 0.5.

Quantitative analysis of transcripts using real-time RT-
PCR

Total RNAs were isolated from whole fetal pancrea-
ta and adult pancreatic islets using the Qiagen RNeasy
Kit (Qiagen, Hilden, Germany). To obtain the pancre-
atic islets, pancreata were removed and islets were iso-
lated using the protocol for collagenase digestion as
described previously [18]. First-strand cDNAs were
synthesized using the QuantiTect Reverse Transcription
System (Qiagen). Q-PCR was conducted using SYBR
Premix Ex Taq II (Takara, Shiga, Japan) and a TP850
Thermal Cycler Dice Real Time System (Takara). Values
were normalized to expression levels of Hprt and shown
as amounts relative to those of the wild-type mice. The
oligonucleotides used to prime the amplification of prod-
ucts from different cDNA templates included the follow-
ing: Insl, 5'-GCCCTCTGGGAGCCCAAA-3" and
5-AGAGAGCCTCTACCAGG-3";Ins2,5'-GCTTCTTC-
TACACACCCATGTC-3" and 5'-AGCACTGATCTA-
CAATGCCAC-3"; Geg, 5'-AGGGACCTTTACCAGT-
GATGT-3"and 5'-AATGGCGACTTCTTCTGGGAA-3";
and Hprt, 5'-TTGTTGTTGGATATGCCCTTGACTA-3'
and 5'~AGGCAGATGGCCACAGGACTA-3".
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Histological analysis

Pancreata were dissected, weighed, and fixed over-
night in 4% paraformaldehyde in PBS. Paraffin-embed-
ded sections were incubated in xylene to remove the
paraffin and then rehydrated by incubation in a graded
series of alcohol solutions. The primary antibodies and
concentrations used were: guinea pig anti-insulin
(1:1,000; Linco, Billerica, MA, USA); guinea pig anti-
glucagon (1:1,000; Linco), rabbit anti-glucagon (1:4,000;
Takara), rabbit anti-Somatostatin (1:50; Zymed, San
Francisco, CA, USA), rabbit anti-Pancreatic Polypeptide
(1:500; Dako, Carpinteria, CA, USA), and mouse anti-
ISL-1 (40.3A4, 1:300; Developmental Studies Hybrid-
oma Bank, Iowa City, IA, USA). Immunodetection was
performed using appropriate secondary antibodies con-
jugated with fluoresceins (Life Technologies, Carlsbad,
CA, USA) and nuclear staining using 4’,6-diamidino-
2-phenylindole (DAPI) (Life Technologies). Images
were captured and analyzed using a Biorevo BZ-9000
microscope system (Keyence, Osaka, Japan).

Measurement of insulin and glucagon contents
Pancreas tissue samples from E18.5 fetuses and adult
mice were collected and homogenized in acid-ethanol.
Insulin and glucagon contents were determined using an
Ultra Sensitive Mouse Insulin ELISA Kit (Morinaga,
Yokohama, Japan) and Glucagon EIA Kit (Yanaihara
Institute Inc., Shizuoka, Japan) respectively and normal-
ized to pancreas wet weight as described previously [13].

Blood glucose measurement

Mice that had fasted for 12 h were anesthetized with
gaseous isoflurane for venous blood collection from the
retro-orbital plexus. Plasma glucose levels were measured
using a Fuji DRI-CHEM 3500 (Fuji-Film, Tokyo, Japan).

Statistical analysis

Results are expressed as the mean + standard error of
the mean (SEM). Statistical analyses were performed
using one-way ANOVA followed by Dunnett’s procedure
or two-way ANOVA followed by Turkey’s procedure.
P values are provided in the legend of the figures.

Results

Mafa and Mafb cooperate to maintain normal insulin
levels in E18.5 embryos
To examine the effect of Mafa and Mafb on the tran-

script levels of the hormones, we performed quantitative
PCR using total RNAs from WT and mutant mice. /ns/
and Ins2 transcript levels of both A0 and B0 mice were
decreased at E18.5, and the transcript decline was an
additive allele effect of Mafa and Mafb, which resulted
in a reduction of less than 10% in AOBO mice (Fig. 1A).
Additionally, the insulin content of crude pancreatic
extracts showed a significant decrease that corresponded
to the transcript levels of the mutant mice (Fig. 1B). We
also found significant decreases in Gcg transcript and
content in Mafb-mutant (B1, AOB1, and B0) mice. Bl
and AOB1, and BO and AOBO mouse pairs showed equiv-
alent amounts of glucagon, suggesting that Mafa was
not involved in glucagon production (Fig. 1C). In addi-
tion to Mafa and Mafb, c-Maf'is also reported to be ex-
pressed in adult o and S cells and to activate insulin and
glucagon transcriptions in vitro [9, 19]. However, C1
and CO mutant mice showed comparable levels of the
hormones to those of WT mice (Fig. 1D).

Mafb knockout mice develop half the amount of o and f
cells of wild-type mice in a Mafa-independent manner
To examine whether the large Maf genes are involved
in endocrine cell development, we immunostained WT
and large Maf mutant pancreata using anti-insulin and
anti-glucagon antibodies at E18.5 (Fig. 2A). Although
there were no significant differences in a- and fS-cell
distribution and numbers between WT and A0 pancrea-
ta, BO and AOBO mice showed lower a and f cell num-
bers than WT mice. Quantitative analyses revealed that
the numbers of o and f cells in BO and AOBO mice were
approximately half of those of WT and A0 mice
(Figs. 2B and 2C). In addition to the a- and fS-cell anal-
yses, we found that the number of somatostatin-positive
d cells and pancreatic polypeptide-positive PP cells
showed no differences between the genotypes, suggest-
ing that Large Maf genes are involved only in normal
a- and f-cell development. Despite a significant reduc-
tion in a- (11% in AOBO vs. 22% in WT) and f-cell
numbers (27% in AOBO vs. 60% in WT) in AOBO mice,
there was no reduction of the cells expressing panendo-
crine marker ISL-1, suggesting that approximately 40%
of hormone-negative endocrine cells are likely to be
found in AOBO mice (Figs. 2D and 2E). Taking into con-
sideration the lack of reduction in the S-cell number of
A0 mice (Fig. 2) and decrease in insulin content in A0
mice (Fig. 1), accumulatively our results suggest that the
p cells of A0 mice contain small numbers of insulin tran-
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Fig. 1. Contribution of large Maf transcription factors to insulin and glucagon expression during embryogenesis.
(A) Quantitative analysis of Ins] and Ins2 transcripts in WT and mutant mice (n=5—15 per group; "P<0.05,
vs. WT; *"P<0.05, vs. B0). (B) Quantitative analysis of insulin contents in WT and mutant mice (n=5—-15
per group; “P<0.05, vs WT; "*P<0.05, vs. B0). (C) Quantitative analysis of Gcg transcript levels and
glucagon contents in WT and mutant pancreata at E18.5 (n=4—12 per group; "P<0.05, vs. WT). (D) Insu-
lin and glucagon contents in WT (n=6), C1 (n=5), and C0O (n=4) pancreata at E18.5. Mice genotypes were
abbreviated as follows: wild-type (WT), Mafb™~ (B1), Mafa™'"~ (A0), Mafa™~; Mafb™~ (AOB1), Mafb~/~
(BO), Mafa™""; Mafb™'~ (AOBO), c-Maf*™~ (C1), and c-Maf™'~ (C0O) mice.

scripts compared with those of WT mice.

The influence of Mafb on insulin expression gradually
decreases during the early postnatal periods

To examine the contributions of Mafa and Mafb in
postnatal hormone production, we took extended mea-
surements of insulin and glucagon contents in whole
pancreata at 1, 2, and 4 weeks of age (Fig. 3A). Steady-
state levels of insulin in A0, B1, and AOB1 pups at 1
week of age were significantly lower than in WT pups.
Whereas lower insulin levels persisted in A0 and A0B1
mice, the levels returned to normal in B1 mice before
2 weeks of age. This result indicates that Mafa expres-
sion compensates for the insufficient insulin production
of B1 mice in the neonatal period. With regard to gluca-

gon contents, Bl embryos at E18.5 showed a significant
reduction in glucagon that disappeared during the early
neonatal period (Fig. 3B).

Adult AOBI1 mice exhibit higher fasting blood glucose
levels than A0 mice

In adult mice, Mafb expression is observed only in a
cells, and adult B1 mice exhibit normal glucose homeo-
stasis [1]. To examine whether Mafb plays a role in the
Mafa-deficient background (A0) we measured fasting
blood glucose levels in adult WT, A0, and AOB1 mice at
8 and 20 weeks of age (Fig. 3C). Fasting blood glucose
levels in A0 and AOB1 mice were significantly higher
than in WT mice at both 8 and 20 weeks. Interestingly,
AO0B1 male mice showed higher glucose levels than A0
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Fig. 2. Numbers of insulin- and glucagon-expressing cells are reduced in BO and AOBO embryonic pan-
creata. (A) Immunostaining of pancreatic sections from WT and mutant embryos at E18.5 with
antibodies against insulin (green) and glucagon (magenta). Scale bars: 100 um. (B, C, D) Numbers
of insulin-positive (B), glucagon-positive (C), and ISL-1-positive cells in WT and mutant mice
(n=3~4 per group, "P<0.05 between WT vs. mutant embryos). (E) Distribution of hormone-
positive and hormone-negative cells in WT and AOBO pancreata at E18.5. Mouse genotypes were
abbreviated as follows: wild-type (WT), Mafa"~ (A0), Mafa~;Mafb*~ (AOB1), Mafb~'~ (BO),
and Mafa™"~; Mafb~'~ (AOBO) mice. Values are presented as means + SEM.
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Fig. 3. The postnatal regulation of insulin and glucagon content, and the plasma glucose level
are mediated by Mafa and Mafb. (A) Insulin contents in WT, B1, A0, and A0B1 pan-
creataat E18.5 and 1, 2, and 4 weeks of age. Values are presented as means + SEM (n=3-9
per group; “P<0.05, vs. WT; **P<0.05, vs. B1). (B) Glucagon contents in WT and B1
pancreata at E18.5 and 1, 2, and 4 weeks of age. Values are presented as means + SEM
(n=5-10 per group; “P<0.05, vs. WT). (C) Fasting blood glucose levels in WT and mu-
tants at 8 and 20 weeks of age (n=10—25 per group; “P<0.05, vs. WT; ™P<0.05, vs. A0).
Mice genotypes are abbreviated as follows: wild-type (WT), Mafb™/~ (B1), Mafa™'~ (A0),
Mafa™'"; Mafb*~ (AOB1), Mafb~'~ (B0), and Mafa'~; Mafb~'~ (AOBO) mice.

male mice at 20 weeks of age, suggesting that Mafb
might contribute to the maintenance of normal glucose
homeostasis under specific conditions.

Discussion

In this study we analyzed mice with single and com-
pound knockout of the Mafa, Mafb, and c-Maf genes to
determine the roles of the /arge Mafs in endocrine de-
velopment and hormonal regulation in the pancreas. For
this purpose we measured insulin and glucagon mRNA
and protein levels in large Maf-mutant pancreata at stra-
tegic points in time. Despite A0 mice pancreata showing
no reduction in insulin-positive cell numbers (Fig. 2),
steady-state levels of /ns/ and /ns2 transcripts and insu-

lin protein in B1 and A0 pancreata were comparable, but
both were significantly lower than those of the WT pan-
creata (Fig. 1A).

Artner et al. report that Mafa mRNA expression in BO
pancreata is downregulated to 16% of that of WT pan-
creata, and that insulin-positive cell numbers in B0
pacreata are reduced to 36% of those of the WT pan-
reata. Conversely, Mafb overexpression upregulates
Mafa expression in vitro [1, 2]. These results suggest
that Mafb regulates insulin expression by upregulating
Mafa as well as by directly regulating insulin transcrip-
tion. They also demonstrate that Mafa*?%* mutant mice,
in which the Mafa is inactivated in the developing pan-
creas, show normal levels of insulin mRNA at E18.5,
and ectopic expression of Mafb in adult S cells [2]. Dif-
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ferences in the genetic backgrounds of the lines of mu-
tant mice probably explain this variance among studies.

We previously reported that AO mice develop impaired
glucose-stimulated insulin secretion and diabetes and
exhibit immunohistochemical abnormalities of the islets
after birth [34]. In this study we compared the pheno-
types of A0, B0, and AOBO mice to test our hypothesis
that the normal islet architecture observed in embryonic
A0 pancreata may be due to the Mafb-mediated mecha-
nisms in £ cells. Our analyses demonstrated that the
numbers of insulin-positive and glucagon-positive cells
in AOBO mice were comparable to those observed in BO
mice, suggesting that Mafa had little effect on fS-cell
development. These results indicate that neither Mafa
nor Mafb plays redundant roles in f-cell development,
and that Mafb alone has a dominant function in embry-
onic development of § cells [1, 23]. Although the mech-
anisms for the formation of abnormal architecture in AO
islets have not been clear, the reduction in S-cell prolif-
eration might be involved in alteration of the /- to a-cell
ratio [24]. Similar islet malformation to A0 mice is also
observed in cyclin D1 and D2 mutant mice, which ex-
hibit impaired glucose-stimulated insulin secretion along
with reduced f-cell proliferation [17].

The contribution of Mafb to insulin production appears
to decrease gradually in response to the shift of Mafb
expression to a cells during f-cell maturation (Fig. 3A).
Although at 8 weeks of age fasting blood glucose levels
of AOB1 mice showed comparable levels to those of AQ
mice, at 20 weeks, AOB1 mice developed more severe
hyperglycemia than A0 mice. This suggests that Mafb
also functions in controlling glucose levels in adults with
the A0 background. Since Mafb expression is reported
to be activated ectopically in f cells during pregnancy,
it remains unclear whether embryonic maldevelopment
of AOB1 p-cells or ectopic expression of Mafb in A0
mice pancreata contributes to the high blood glucose
levels detected in AOB1 mice.

Consistent with a previous report, we found by analyz-
ing BO mice that only Mafb was involved in a-cell de-
velopment and glucagon production [1]. The expression
of a cascade of different transcription factors including
Nkx2.2, Pax6, Foxa2, Mafb, and Arx, stimulates the dif-
ferentiation into a-cell lineage [4, 5, 8]. Recent advanc-
es in diabetes research have revealed that dedifferenti-
ated S cells stressed by high blood glucose levels and
oxidative conditions were spontaneously capable of
redifferentiating into a cells via molecular mechanisms

that were not clearly understood [29-31]. The molecular
process of a-cell development and their conversion from
p cells is not well understood. Thus it is important to
elucidate the basis of a-cell genesis from diabetic f cells
and also developmental progenitor cells for a fuller un-
derstanding of the pathophysiology of the disease [6, 32].

In summary, we analyzed insulin and glucagon levels
in compound knockout mice of the large Maf genes. Our
results indicate that Mafa is necessary for the mainte-
nance of normal insulin levels even in embryos and that
Mafb contributes to the development of hyperglycemia
in the Mafa-deficient background in adults as well as in
embryos.
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