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MafB is critical for glucagon production and secretion 

in pancreatic α-cells in vivo. 

 

ABSTRACT 

MafB (v-maf musculoaponeurotic fibrosarcoma oncogene homolog B) 

transcription factor is expressed in pancreatic α- and β-cells during development but 

becomes exclusive to α-cells in adult rodents. Previous studies in Mafb-null (Mafb–/–) 

mice revealed a marked reduction in α- and β-cell numbers throughout embryonic 

development. However, Mafb–/– mice die soon after birth, restricting postnatal 

analyses of MafB function in the pancreas. Thus, I generated two Mafb conditional 

knockout mouse models: endocrine cell-specific (MafbΔEndo) and tamoxifen-

dependent (MafbΔTAM) mutant mice. The MafbΔEndo mice exhibited a reduced 

population of insulin+ and glucagon+ cells on postnatal day 0 but recovered the 

insulin+ cell population by 8 weeks of age. In contrast, the Arx+ α-cell population and 

glucagon expression remained decreased even in adulthood. The MafbΔTAM mice, in 

which Mafb was deleted after pancreas maturation, also demonstrated diminished 

glucagon+ cells and glucagon content without an effect on β-cells. The MafbΔEndo mice 

displayed an increased Arx+/pancreatic polypeptide+ cell population as compensation 

for the decreased Arx+/glucagon+ cell population. Furthermore, according to the gene 

expression analyses of both MafbΔEndo and MafbΔTAM islets, MafB is a key regulator of 

glucagon expression in α-cells. Finally, both mutants failed to respond to arginine, 

likely due to impaired arginine transporter gene expression and glucagon production 

ability. Taken together, my findings reveal that MafB is critical for the functional 

maintenance of mouse α-cells in vivo, including glucagon production and secretion, as 

well as in development. 
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1-1. Pancreas structure and function 

The pancreas is a secretory organ containing two major glands: an exocrine 

gland for digestive enzymes and an endocrine gland for pancreatic hormones. The 

endocrine pancreas is composed of small clusters of cells called the islets of 

Langerhans, which include insulin-producing β-cells, glucagon-producing α-cells, 

somatostatin-producing δ-cells, pancreatic polypeptide (PP)-producing PP-cells, and 

ghrelin-producing ε-cells. In particular, insulin and glucagon regulate glucose 

homeostasis: blood glucose levels decrease in response to insulin and increase in 

response to glucagon. The failure of this hormonal balance due to β-cell dysfunction 

causes hyperglycemia, which is a key feature of diabetes that often accompanies α-

cell impairment (1–3). Therefore, understanding pancreatic α- and β-cell biology 

contributes deeper insight into hormonal regulation. 

 

1-2. Pancreas development and transcription factors 

Pancreatic islet development and specification, including α- and β-cell 

differentiation, are governed by various important transcription factors (4, 5). For 

example, Pdx1, which is a pancreatic progenitor marker, drives all pancreatic lineages. 

Ngn3, which is an endocrine progenitor marker, initiates pancreatic endocrine cell 

fates. Pax4 and Arx promote β- and α-cell specification and differentiation, 

respectively (4, 5). Finally, MafA is required for β-cell maturation and functional 

maintenance (6–8), and MafB plays a decisive role in α-cells, although MafB is also 

involved in both α- and β-cell development during pancreas morphogenesis (9–11). 
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1-3. Maf transcription factors 

Maf proteins belong to a large class of transcription factors originally described 

as viral oncogenes. They are characterized by the presence of a basic leucine zipper 

(b-Zip) domain and the ability to bind to Maf Recognition Element (half-MARE; 

TGCTGA), a specific binding motif for Maf transcription factors (12), either as 

homodimers or heterodimers with other b-Zip proteins. The best-characterized Maf 

transcription factors expressed in the pancreas are MafB (v-maf musculoaponeurotic 

fibrosarcoma oncogene homolog B) and MafA. 

 

MafB is first detected in the mouse embryonic pancreas from embryonic day 

10.5 (7, 9) and becomes exclusively confined to α-cells within 2 weeks of birth (8). In 

α-cells, MafB activates glucagon gene expression through the G1 element of the 

glucagon promoter region located between -77 and -51 base pairs relative to the 

transcription start site (9); hence, glucagon is generally considered an α-cell marker (4, 

5). Whereas, in β-cells, MafB and MafA are expressed in a unique temporal manner 

and are required at distinct stages with MafB being required during development and 

MafA in adults (7, 8). MafB is critical for β-cell maturation in the late phase of 

pancreas morphogenesis through the regulation of key β-cell genes such as Insulin, 

Pdx1, and Mafa (8). According to the gene expression profile analysis by Artner et al., 

MafB also activates gene involved in mature β-cell function, including those 

significant to glucose sensing, vesicle maturation, Ca2+ signaling, and insulin 

secretion (8). In contrast, the gene expression of transcription factors associated with 

β-cell differentiation were unaffected in the Mafb knockout (Mafb–/–) mice, 

supporting a role for MafB in the late events essential to β-cell maturation and not in 

the early β-cell development including β-cell specification and lineage commitment 
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steps (8). Interestingly, MafA controls many genes first regulated by MafB in adult 

mice when MafB in silenced (8). However, MafA is solely required for glucose-

stimulated insulin secretion in adult β-cells and is not involved in islet cell 

development (6). 

 

1-4. Mafb deficient mice 

Previous studies have demonstrated that Mafb–/– mouse embryos exhibit reduced 

α- and β-cell numbers and a delayed onset of insulin expression in β-cells, indicating 

that MafB plays a role in α- and β-cell differentiation (11). However, because these 

Mafb–/– mice were neonatal lethal due to a defective respiratory rhythm (13), the 

postnatal function of MafB in pancreatic islets remains unknown. According to a 

recent study investigating pancreas-wide Mafb-deficient (MafbΔpanc) mice, the number 

of insulin+ (Ins+) and glucagon+ (Glu+) cells was reduced on postnatal day 1 in 

neonates (10). Interestingly, both cell types were restored by 2 weeks of age in these 

mutants, rendering α-cells that were dysfunctional in response to low glucose levels 

and arginine stimulation in vitro (10). These results suggest that MafB is required 

only for the maintenance of α-cell function but not for glucagon production per se, 

implying that glucagon expression is compensated by other factors. Given that MafB 

is a glucagon gene activator (9) and is heavily enriched in mature α-cells (14), these 

results were intriguing. Additionally, frequent reports of diabetic patients displaying 

abnormal glucagon regulation highlight the importance of understanding α-cell 

physiology (1–3).  
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1-5. Overview and Objectives 

Understanding the pancreatic islet cell development and fictional maintenance is 

essential to provide knowledge in designing novel treatments for diseases related to 

the pancreas (e.g., type 1 and 2 diabetes). The large Maf transcription factor, MafB, 

has been shown to be necessary for α- and β-cell terminal differentiation and 

functional maturation (9, 11, 15). Interestingly, MafB continues to be expressed in the 

mature α-cells and therefore could play an additional role in α-cell maintenance 

throughout life (8). 

 

The following chapters in my thesis aim to discover the role of MafB in the 

postnatal pancreas. The goal of these experiments is (1) to determine the role of 

MafB in early postnatal development of islet cells and (2) to describe the effect of 

MafB loss after islet cell maturation. Because Mafb–/– mice are neonatal lethal, to 

confirm the postnatal role of MafB in pancreatic islet cells, I generated two types of 

conditional knockout mice: endocrine cell-specific Mafb knockout (MafbΔEndo) and 

tamoxifen (TAM)-dependent Mafb knockout (MafbΔTAM) mice. 

  

Here, I investigate an alternative in vivo role of MafB in postnatal pancreatic α-

cells. Both the MafbΔEndo and MafbΔTAM mice failed to express glucagon in α-cells, 

resulting in low basal plasma glucagon levels, which do not recover over time. 

Moreover, the Mafb deficiency disrupted glucagon secretory responses to α-cell 

stimuli in both mutants. Therefore, MafB is critical for glucagon production during α-

cell development and α-cell functional maintenance in adult mice. 
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2-1. Purpose 

According to previous studies, the function of transcription factor MafB in 

embryonic pancreas development has been extensively explored and shown to be 

important for α- and β-cell differentiation (9, 11, 15). However, studies of MafB in 

the postnatal pancreas could not be conducted because Mafb–/– mice die immediately 

after birth (13). In this study, I analyzed the mouse model with a conditional Mafb 

knockout in the endocrine cells to determine the postnatal function of MafB in the 

pancreas. 

 

2-2. Results 

Embryonic deletion of Mafb in endocrine cells results in postnatal decreases in 

both Ins+ and Glu+ cell populations.  

To enable postnatal examination, I selected Neurogenin3 (Ngn3)-Cre transgenic 

mice to specifically delete Mafb in the endocrine cells. Ngn3-Cre mice express Cre 

recombinase in all endocrine cell types in the pancreatic islet during embryonic 

development (16). To verify the Cre recombination activity and specificity of Ngn3-

Cre mice, these mice were crossed with Cre-reporter mice, R26GRR. R26GRR mice 

exhibits green fluorescence (EGFP) ubiquitously before, and red fluorescence 

(tdsRed) exclusively after Cre recombination (17). Pancreas sections from 

R26GRR::Ngn3-Cre mice showed that tdsRed was expressed only in the pancreatic 

endocrine cells and not in the exocrine cells, thus confirming the high specificity of 

Cre recombination (Fig. 2.1). 
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To address the physiological function of MafB in postnatal pancreatic 

islets, Ngn3-Cre mice were then crossed with Mafb floxed (Mafbf/f) mice to generate 

endocrine cell-specific Mafb deficient mutant, Mafbf/f::Ngn3-Cre (MafbΔEndo) mice. I 

first performed immunohistochemical studies on pancreatic sections to explore the 

effects of the Mafb loss on the postnatal development of pancreatic endocrine cells by 

examining insulin and glucagon protein expression (Fig. 2.2A). On postnatal day 0 

(P0), the fraction of insulin+ (Ins+) and glucagon+ (Glu+) cells in the MafbΔEndo islets 

was significantly lower than that in the Mafbf/f control mice (Fig. 2.2A - C; Control vs. 

MafbΔEndo; Ins+, 100 ± 6.9 vs. 25.9 ± 4.3%; Glu+, 100 ± 10.0 vs. 10.7 ± 2.3%). 

Interestingly, the reduced population of Ins+ cells in the MafbΔEndo pancreata 

recovered to near control levels as the mice aged (Fig. 2.2A and B; Control vs. 

MafbΔEndo; 3 W, 100 ± 2.6 vs. 65.4 ± 3.1%; 8 W, 100 ± 2.5 vs. 89.9 ± 4.0%; 20 W, 

100 ± 1.8 vs. 92.0 ± 2.2%). However, compared with that in the control groups, the 

fraction of Glu+ cells in the MafbΔEndo islets remained significantly reduced 

throughout postnatal development until 20 weeks of age (Fig. 2.2A and C; Control vs. 

MafbΔEndo; 3 W, 100 ± 8.3 vs. 30.5 ± 4.4%; 8 W, 100 ± 11.5 vs. 29.4 ± 9.3%; 20 W, 

100 ± 6.5 vs. 38.9 ± 4.4%), while the islet architecture and total islet cell number were 

unaffected (Fig. 2.2D).  

 

To confirm the reduction in insulin and glucagon production, I measured the 

total insulin and glucagon content in whole pancreata from 3- and 8-week-old animals 

(Fig. 2.2E and F). Expectedly, the insulin content in the MafbΔEndo pancreata was 

significantly reduced when compared with control pancreata at 3 weeks of age but the 

insulin content improved to approximately the control levels by 8 weeks of age (Fig. 

2.2E; Control vs. MafbΔEndo; 3 W, 12.8 ± 0.5 vs. 7.6 ± 1.0 ng/µg protein; 8 W, 12.4 ± 
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0.8 vs. 10.8 ± 0.5 ng/µg protein), which is consistent with the restoration of the Ins+ 

cell population (Fig. 2.2B). In contrast, the glucagon content in the MafbΔEndo 

pancreata was severely compromised at both 3 and 8 weeks of age with no sign of 

recovery to the control levels (Fig. 2.2F; Control vs. MafbΔEndo; 3 W, 869.7 ± 37.8 vs. 

220.8 ± 25.0 pg/µg protein; 8 W, 467.1 ± 30.5 vs. 157.9 ± 16.3 pg/µg protein). Of 

note, this α-cell abnormality in the MafbΔEndo mice did not affect their growth, as the 

body weight and pancreas weight were both unaltered (Fig. 2.3A and B). Thus, the 

loss of Mafb during embryogenesis affects pancreatic endocrine cell development at 

early postnatal periods, leading to a decreased population of both Ins+ and Glu+ cells. 

However, only the α-cell defect persists into adulthood because MafB expression 

becomes restricted to α-cells in mature mice. 

 

Endocrine cell-specific Mafb deficiency during the embryonic stage delays 

insulin production in β-cells and suppresses α-cell development after birth. 

MafB is known to regulate not only α- and β-cell differentiation during 

embryogenesis (11) but also glucagon gene transcription in α-cells (9). Therefore, 

whether the defect in the α- and β-cell differentiation and/or the suppressed 

expression of the glucagon gene could cause the drastic decrease in the Ins+ and Glu+ 

cells observed in the MafbΔEndo mice remains unknown. To address this question and 

more precisely investigate the role of MafB in postnatal islet cell development, I 

performed immunofluorescence staining to examine the expression of β- and α-cell 

fate markers that characterize cell identity. Pancreas sections from 3- and 8-week-old 

mice were co-stained for either insulin and Nkx6.1 in β-cells (18) or glucagon and 

Arx in α-cells (19) (Fig. 2.4A and D). The total Nkx6.1+ cell population remained 

unchanged, suggesting that the Mafb ablation does not affect the β-cell lineage 
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differentiation (Fig. 2.4A and B; Control vs. MafbΔEndo; 3 W, 100 ± 8.1 vs. 95.3 ± 

9.2%; 8 W, 100 ± 6.8 vs. 106.6 ± 12.0%). At 3 weeks of age, only 60% of the 

Nkx6.1+ cells expressed insulin in the MafbΔEndo pancreata, whereas nearly all 

Nkx6.1+ cells from the control pancreata were positive for insulin (Fig. 2.4A and C; 

Control vs. MafbΔEndo; 98.4 ± 0.6 vs. 59.2 ± 3.0%). However, the decreased insulin 

defect was minimized by 8 weeks of age, at which point the Ins+ β-cells 

(Nkx6.1+/Ins+) accounted for more than 90% of the Nkx6.1+ cell population (Fig. 

2.4A and C; Control vs. MafbΔEndo; 99.0 ± 0.2 vs. 91.7 ± 1.4%). Thus, embryonic 

Mafb deficiency in pancreatic islets causes delayed insulin production in β-cells 

without affecting cell fate differentiation. The measurement of the fasting blood 

glucose levels and glucose metabolism by an intraperitoneal glucose tolerance test 

further supported my findings of a delayed β-cell development. The MafbΔEndo mice 

showed a higher fasting blood glucose level at P0, which became corrected to the 

control level by 8 weeks of age (Fig. 2.5A); the delayed glucose tolerance observed in 

the MafbΔEndo mice at 4 weeks of age recovered to the control level by 8 weeks of age 

(Fig. 2.5B and C). 

 

In contrast, the total Arx+ cell population in the MafbΔEndo mice was reduced at 

both time points (Fig. 2.4D and E; Control vs. MafbΔEndo; 3 W, 100 ± 8.5 vs. 74.1 ± 

6.6%; 8 W, 100 ± 9.0 vs. 59.7 ± 3.8%). Similarly, 3-week-old MafbΔEndo mice 

displayed a considerably lower population of Glu+ α-cells (Arx+/Glu+), and fewer than 

50% of the Arx+ cells expressed glucagon (Fig. 2.4D and F; Control vs. MafbΔEndo; 

98.7 ± 0.3 vs. 47.5 ± 3.6%). In contrast to the β-cells, this low population of Glu+ α-

cells was sustained even at 8 weeks of age without any sign of improvement (Fig. 

2.4D and F; Control vs. MafbΔEndo; 98.0 ± 0.6 vs. 51.4 ± 6.0%). Thus, not only the 
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reduction of Arx+ cells but also the diminished expression of glucagon in the Arx+ 

cells attributes to the decrease in the Glu+ cell population in the MafbΔEndo mice. 

Therefore, MafB is required for glucagon production and α-cell lineage development. 

Interestingly, the remaining Glu+ α-cells in the MafbΔEndo pancreas did not express 

MafB (Fig. 2.4G), suggesting that an alternative glucagon production pathway 

independent of MafB exists, which could account for the minimal glucagon content 

level (Fig. 1F). 

 

2-3. Discussion 

This study demonstrates the requirement of MafB in the β-cell terminal 

differentiation and α-cell development. Only the glucagon production, but not insulin 

production, showed a persistent defect in the MafbΔEndo pancreas with a decreased 

population of Arx+ α-cells throughout postnatal development to adulthood. My results 

from neonates and adult mice expand the previously defined role of MafB in the 

embryo pancreas. When taken together, MafB plays a significant role in β-cell 

terminal differentiation and α-cell lineage development including glucagon 

production but is not required in adult mouse β-cells. 

 

Consistent with previous reports (10, 11), Mafb ablation only delayed β-cell 

development because MafB is not expressed in postnatal rodent β-cells (8, 14). 

However, my observations in α-cells were inconsistent with a prior study conducted 

by Conrad et al. (10). Pancreas-specific Mafb conditional knockout (Mafbf/f::Pdx1-Cre, 

MafbΔpanc) mice recover Glu+ α-cells by 2 weeks of age and islet glucagon content by 

8 weeks of age (10). This discrepancy may reflect the use of mice with different 

genetic backgrounds in the present study, whereas the difference in the Cre-drivers 
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used is unlikely to have contributed because I also generated a Mafb conditional 

knockout mice using Pdx1-Cre (20) that exhibited the same phenotype as the 

MafbΔEndo mice (data not shown). Indeed, the Mafbf/f mice used in the present study 

(21, 22) and by Conrad et al. (10, 23) were generated in mouse ES cells from different 

genetic backgrounds, e.g., C57BL/6J and 129S4/SvJae, which may explain the 

phenotypic variations. 

 

Compensation by MafA, another Maf transcription factor, likely explains the 

limited defect in the MafbΔEndo β-cells because MafA regulates many β-cell key genes 

first regulated by MafB in adult mice (8). However, unexpectedly, the MafbΔEndo β-

cells exhibited residual effects, which were likely caused by delayed β-cell terminal 

differentiation, with Ins+ cell populations and insulin content, both minimally but 

consistently reduced (Fig. 2.2B and E). These results potentially highlight the 

supporting role played by MafB in postnatal β-cell development. A recent study by 

van der Meulen et al. introduced the novel concept of a “virgin β-cell” subpopulation, 

which contains functionally immature β-cells characterized as Ins+/MafB+/Ucn– (24). 

This very minor virgin β-cell subpopulation can transdifferentiate into functional β-

cells and is found in both mouse and human islets (24). Therefore, they concluded 

that MafB-expressing virgin β-cells may be the source of β-cell regeneration through 

trans-differentiation in adult islets (24). Moreover, another study performed by Cheng 

et al. demonstrated that β-cells regenerate from a novel mesenchymal cell population 

after a near-total ablation of pre-existing β-cells by a high dose of STZ in adult 

rodents (25). Interestingly, these newly formed β-cells express MafB and vimentin 

but not Pdx1 and Nkx6.1 and are, thus, immature. However, these cells gradually 

acquire functional maturity and became bona fide β-cells (25). These findings suggest 
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that β-cell regeneration is preceded by MafB expression in β-cells, which is lost upon 

functional maturity. Thus, the role of MafB in the facilitation of β-cell development 

cannot be neglected. 

 

2-4. Materials and Methods 

Animals 

Mice were maintained under specific pathogen-free conditions at the Laboratory 

Animal Resource Center of the University of Tsukuba. All animal experiments were 

approved by the Institutional Animal Care and Use Committee of the University of 

Tsukuba. To investigate endocrine cell-specific emission of tdsRed, ROSA26 knock-

in Cre-reporter C57BL/6N (R25GRR) mice (17) were crossed with Neurogenin3 

(Ngn3)-Cre transgenic mice (16) to obtain R26GRR::Ngn3-Cre F1 progeny. The 

endocrine cell-specific Mafb knockout mice were generated by crossing Mafbf/f mice 

(21, 22) with Ngn3-Cre mice (16). The Mafbf/f mice were generated on a C57BL/6J 

strain background as previously described (21, 22). The Ngn3-Cre transgenic mouse 

strain was kindly provided by Dr. Shosei Yoshida (Division of Germ Cell Biology, 

National Institute for Basic Biology, JAPAN). In this study, Mafbf/f::Ngn3-Cre is 

referred to as MafbΔEndo mice. The Mafbf/f littermates were used as controls.  

 

Validation of Cre recombination 

The pancreatic tissues were fixed for 4 h in 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) at 4°C, transferred to 30% sucrose solution 

overnight, and embedded in OCT compounds (Tissue-Tek, Sakura Fietek) before 

being frozen. Then, 5-µm sections were sliced and mounted with Fluoromount 
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(Diagnostic BioSystems). All images were acquired under a fluorescence microscope 

(BIOREVO BZ-9000, Keyence). 

 

Immunohistochemistry 

The pancreatic tissues were fixed overnight in 4% PFA in PBS at 4°C, processed, 

and embedded in paraffin. Then, 2-µm sections were sliced and prepared according to 

standard methods. For the nuclear protein staining, the sections were soaked in 0.3% 

Triton X-100/PBS solution, followed by heat-induced epitope retrieval using Target 

Retrieval Solution (Dako) and a pressure cooker. All sections were blocked with 

appropriate serum for 1 h at room temperature and incubated overnight at 4°C with 

the following primary antibodies: guinea pig anti-insulin (1:500; ab7842, Abcam), 

rabbit anti-glucagon (1:2000; 2760, Cell Signaling), guinea pig anti-glucagon 

(1:1000; M182, Takara), rabbit anti-Arx (1:250; generous gift from Drs. Kunio 

Kitamura and Ken-ichirou Morohashi, Kyushu University, JAPAN) (26), mouse anti-

Nkx6.1 (1:250; F55A10, DSHB) and rabbit anti-MafB (1:100; IHC-00351, Bethyl). 

The antigens were visualized using appropriate secondary antibodies conjugated to 

Alexa Flour 488 or 594 (1:1000; Life Technologies), and the nuclei were labeled with 

Hoechst 33342 (Molecular Probes). The tissue specimens were mounted with 

Fluoromount (Diagnostic BioSystems). All images were acquired under a 

fluorescence microscope (BIOREVO BZ-9000, Keyence). 

 

Cell counting 

Following the immunofluorescence staining, the numbers of different cell types 

in the islet microscopy images of each islet were manually counted. For each cell type, 

20-40 representative islets from 3-6 mice per group were counted. To calculate the 
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fraction of Ins+ and Glu+ cells within the islets, the number of Ins+ or Glu+ cells per 

islet was manually counted using ImageJ software and divided by the total number of 

Hoechst+ nuclei from the same islet (% hormone+ cells/islet Hoechst+ nuclei) and then 

normalized to the control group. The fractions of Nkx6.1+/Ins+ and Arx+/Glu+ cells 

were determined by dividing the number of double-positive cells per islet by the total 

numbers of Nkx6.1+ (Nkx6.1+/Ins– and Nkx6.1+/Ins+) and Arx+ (Arx+/Glu– and 

Arx+/Glu+) cells, respectively. The total Nkx6.1+ and Arx+ cell counts were 

normalized to their corresponding controls. 

 

Measurement of pancreatic insulin and glucagon content 

The whole pancreas was collected from 3- and 8-week-old MafbΔEndo mice and 

homogenized in ice-cold acetic-ethanol buffer (1.5% HCl in 75% ethanol) as 

previously described (27). The total insulin and glucagon contents in the pancreatic 

tissue extracts were measured via enzyme-linked immunosorbent assay (ELISA) 

according to the manufacturer’s instructions (Morinaga Mouse Insulin ELISA Kit, 

M1102; Mercodia Glucagon 10 µl ELISA Kit, 10-1281-01). Each pancreatic content 

was normalized according to the total protein concentration per sample, which was 

determined using Bradford reagent (Thermo Fisher Scientific). 

 

Intraperitoneal glucose tolerance test (ipGTT) 

Four- and 8-week-old MafbΔEndo male mice and their corresponding controls 

were fasted for 16 h overnight. On the following morning, 2 mg/g body weight of 

glucose (Otsuka) was injected intraperitoneally, and the blood glucose level was 

measured from the tail blood using a glucometer (Terumo, GR-101) 0, 15, 30, 60, and 

120 min post-injection. 
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Statistical analysis 

All data are presented as the mean ± SEM. To determine the statistical 

significance between the MafB mutants and controls, a minimum of three biological 

replicates were analyzed by performing Welch’s t-test, and a p-value < 0.05 was 

considered significant. To compare the longitudinal data obtained from the ipGTT, 

the p-values were calculated by performing Welch’s t-test, followed by Holm’s 

correction for multiple comparisons. 
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2-5. Figures and Legends 

 

Fig. 2.1 Ngn3-Cre driver expresses Cre recombinase in pancreatic endocrine 

cells. 

EGFP (non-Cre-recombined cells) and tdsRed (Cre-recombined cells) expression in 

the pancreas of R26GRR::Ngn3-Cre and control (R26GRR) mice at 3 weeks of age. 

Nuclei were stained with Hoechst 33342. Scale bars, 50 µm. 
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Fig. 2.2 Embryonic deletion of Mafb in endocrine cells decreases the population 

of both Ins+ and Glu+ cells postnatally.  

 

 

 

 



 25 

Fig. 2.2 Embryonic deletion of Mafb in endocrine cells decreases the population 

of both Ins+ and Glu+ cells postnatally.  

(A) Immunostaining of insulin (green) and glucagon (red) in MafbΔEndo and control 

(Mafbf/f) pancreata from P0 and 3-, 8-, and 20-week-old animals. Nuclei were stained 

with Hoechst 33342. Scale bars, 50 µm. (B) Fraction of Ins+ and (C) Glu+ cells within 

the islets in MafbΔEndo (closed bars) and control (open bars) pancreata (n ≥ 3). All 

values were normalized to those in age-matched controls. ** p < 0.01. (D) Total islet 

cell number per islet in MafbΔEndo (closed bars) and control (open bars) pancreata 

from 3- and 8-week-old animals (n ≥ 3). (E) Pancreatic insulin and (F) glucagon 

content in MafbΔEndo (closed bars) and control (open bars) pancreata from 3- and 8-

week-old animals (n ≥ 4). Hormone contents were normalized to the total protein 

concentration. ** p < 0.01. 
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Fig. 2.3. MafbΔEndo mice show normal body growth. 

(A) Body weight changes in MafbΔEndo (closed markers) and control (open markers) 

animals at 3, 8 and 12 weeks of age (n ≥ 4). Males are shown on the left and females 

are shown on the right. (B) Pancreas wet weight in MafbΔEndo (closed bars) and 

control (Mafbf/f, open bars) pancreata from 3- and 8-week-old animals (n ≥ 4). 
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Fig. 2.4 Endocrine cell-specific Mafb deficiency during the embryonic stage 

delays insulin production in β-cells and suppresses α-cell development after birth. 
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Fig. 2.4 Endocrine cell-specific Mafb deficiency during the embryonic stage 

delays insulin production in β-cells and suppresses α-cell development after birth. 

(A) Insulin (green) and Nkx6.1 (red) immunoreactivity in MafbΔEndo and control 

(Mafbf/f) pancreata from 3- and 8-week-old animals. Nuclei were stained with Hoechst 

33342. Scale bars, 50 µm. (B) Total Nkx6.1+ cells per islets, normalized to those in 

age-matched controls (n ≥ 4). (C) Fraction of Ins+ β-cells among the total Nkx6.1+ 

cell population in MafbΔEndo (closed bars) and control (open bars) pancreata (n ≥ 4). 

** p < 0.01. (D) Immunofluorescence of glucagon (green) and Arx (red) in MafbΔEndo 

and control pancreata from 3- and 8-week-old animals. Nuclei were stained with 

Hoechst 33342. Scale bars, 50 µm. (E) Total Arx+ cells per islets normalized to those 

in age-matched controls (n ≥ 4). * p < 0.05 and ** p < 0.01. (F) Fraction of Glu+ α-

cells among the total Arx+ cell population in MafbΔEndo (closed bars) and control (open 

bars) pancreata (n ≥ 4). ** p < 0.01. (G) Co-staining of glucagon (green) and MafB 

(red) in 8-week-old MafbΔEndo and control mice. Nuclei were stained with Hoechst 

33342. Scale bars, 50 µm. 
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Fig. 2.5 Embryonic loss of Mafb in the endocrine cells delays β-cell functional 

maturation. 

(A) Fasting blood glucose measurements in MafbΔEndo (closed markers) and control 

(Mafbf/f, open markers) male mice at P0, 3 and 8 weeks of age (n ≥ 7). * p < 0.05. (B 

and C) Glucose tolerance test after an intraperitoneal injection of glucose (2 mg/g 

body weight) in MafbΔEndo (closed markers) and control (open markers) male mice at 

4 and 8 weeks of age (n ≥ 6). ** p < 0.01. 
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CHAPTER 3: 

 

The role of MafB in mature α- and β-cells 
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3-1. Purpose 

Although the in vitro study demonstrated that MafB is a transcriptional activator 

of the glucagon gene (9), whether MafB substantially controls glucagon expression in 

α-cells in vivo is unclear. In contrast to Conrad et al.’s report (10), my results from 

Chapter 2 show that MafB is required for glucagon expression even in adult α-cells in 

vivo. However, I cannot rule out that the possibility that the reduced Arx+ cell 

population, rather than the loss of MafB-activated glucagon gene transcription, 

disturbs glucagon production in MafbΔEndo α-cells. To remove the effect from 

abnormal α-cell differentiation caused by the Mafb deficiency, I generated another 

conditional Mafb knockout mouse model (MafbΔTAM) in which Mafb was deleted in 

adult mice by using the tamoxifen (TAM)-inducible system. 

 

3-2. Results 

Loss of Mafb in adult mice impairs glucagon expression in mature α-cells 

without affecting α-cell identity. 

To verify the effects of Mafb ablation on glucagon production, I generated 

conditional Mafb knockout (Mafbf/f::CAGG-CreERTM, MafbΔTAM) mice after 

pancreatic islet cell maturation by TAM injection at 5 weeks of age. The Cre 

recombination was detectable in the whole pancreas of R26GRR::CAGG-

CreERTM mice 3 weeks post-TAM injection which suggest successful TAM-induced 

Cre recombination (Fig. 3.1). Immunohistochemical examination revealed no 

significant changes in the organization of the Ins+ and Glu+ cells in the MafbΔTAM 

islets compared with that in the Mafbf/f control islets (Fig. 3.2A). Consistent with the 

undetectable MafB expression in the adult β-cells (8, 14), I did not observe any 

differences in the Ins+ cell population from the control mice (Fig. 3.2A and B; Control 
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vs. MafbΔTAM; 3 W post-TAM, 100 ± 2.6 vs. 96.2 ± 2.5%; 11 W post-TAM, 100 ± 1.8 

vs. 95.1 ± 2.9%), and thus, no differences were observed in the fasting blood glucose 

and plasma insulin levels (Fig. 3.3A and B). In contrast, the percentage of Glu+ cells 

in the MafbΔTAM islets was drastically reduced at 3 weeks post-TAM injection and 

further reduced by 11 weeks post-injection (Fig. 3.2A and C; Control vs. MafbΔTAM; 3 

W post-TAM, 100 ± 6.6 vs. 73.3 ± 6.0%; 11 W post-TAM, 100 ± 6.0 vs. 40.0 ± 4.7%). 

Additionally, expectedly, the insulin content levels were not altered by the Mafb 

deletion in the TAM-injected MafbΔTAM pancreata 3 weeks post-injection (Fig. 3.2D; 

Control vs. MafbΔTAM; 11.2 ± 0.4 vs. 13.0 ± 0.9 ng/µg protein), whereas the glucagon 

levels were approximately 65% of the control levels (Fig. 3.2E; Control vs. MafbΔTAM; 

437.3 ± 18.6 vs. 283.8 ± 17.6 pg/µg protein). Taken together, these results indicate 

that Mafb deficiency in adult mice alters hormone expression in α-cells but not β-cells, 

demonstrating that sustained MafB function is required for normal glucagon 

production by α-cells from postnatal development to maturity. 

 

I further investigated whether the Mafb ablation in the adult mice influenced the 

islet cell identity. At 3 and 11 weeks post-TAM injection, the total Nkx6.1+ cell 

population in the MafbΔTAM pancreata did not differ from that in the controls (Fig. 

3.4A and B; Control vs. MafbΔTAM; 3 W post-TAM, 100 ± 10.9 vs. 104.5 ± 7.9%; 11 

W post-TAM, 100 ± 8.4 vs. 96.4 ± 5.7%). In addition, nearly all Nkx6.1+ cells 

expressed insulin, albeit a slightly lower level in MafbΔTAM pancreata when compared 

with the controls (Fig. 3.4A and C; Control vs. MafbΔTAM; 3 W post-TAM, 98.8 ± 0.4 

vs. 97.2 ± 0.5%; 11 W post-TAM, 98.4 ± 0.4 vs. 96.4 ± 0.5%). Thus, MafB does not 

significantly affect mature β-cells. In contrast, while the total Arx+ cell population 

was similar to that in the controls (Fig. 3.4D and E; Control vs. MafbΔTAM; 3 W post-
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TAM, 100 ± 13.1 vs. 98.1 ± 7.4%; 11 W post-TAM, 100 ± 8.1 vs. 98.4 ± 6.6%), a 

marked decrease in the Glu+ α-cell population was observed (Fig. 3.4D and F; Control 

vs. MafbΔTAM; 3 W post-TAM, 98.6 ± 0.4 vs. 68.8 ± 4.4%; 11 W post-TAM, 99.4 ± 

0.3 vs. 58.3 ± 4.1%). The reduced proportion of Glu+ α-cells is not caused by α-cell 

apoptosis as confirmed by negative signals in the TUNEL assay (Fig. 3.5A). 

Furthermore, the total islet cell number in the MafbΔTAM pancreata remained 

unchanged (Fig. 3.5B), which is similar to that observed in the MafbΔEndo mice (Fig. 

2.2D). However, a minimum level of glucagon expression was observed even in the 

absence of MafB in the MafbΔTAM pancreata (Fig. 3.4G), which is consistent with that 

observed in the MafbΔEndo mice and suggests that a MafB independent pathway of 

glucagon production exists. Overall, my results indicate that MafB is critical for the 

maintenance of α-cell function in adult mice, confirming the principal role of MafB in 

glucagon expression. 

 

3-3. Discussion 

This study demonstrates the decisive role of MafB in the maintenance of α-cell 

function by controlling glucagon production. The Mafb deletion after islet maturation 

reduced glucagon production without defecting the expression of α-cell fate marker 

and did not show a significant effect on mature β-cells. These findings strongly 

support my conclusion that MafB is crucial for glucagon production in α-cells. 

 

In contrast to mice, MAFB expression in human β-cells is retained postnatally 

(14, 28), thereby implicating human MAFB in β-cell maintenance and/or activity. 

Notably, severe reductions in MAFB levels are observed in human type 2 diabetic 

islets, suggesting that β-cell failure is associated with low MAFB expression (29). In 
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addition, in vitro studies using a human β-cell line (EndoC-βH1) demonstrated that 

MAFB is required for glucose-stimulated insulin secretion in human β-cells, 

indicating that mature human β-cells require MAFB for their functional activity (30). 

However, clinical reports of patients carrying MAFB mutations do not include the 

blood glucose levels or HbA1c status (31–33), leading to the impression that these 

patients are normoglycemic. Further investigations are required to clarify the role of 

MAFB in human β-cells. 

 

3-4. Materials and Methods 

Animals 

Mice were maintained under specific pathogen-free conditions at the Laboratory 

Animal Resource Center of the University of Tsukuba. All animal experiments were 

approved by the Institutional Animal Care and Use Committee of the University of 

Tsukuba. To investigate tamoxifen-mediated emission of tdsRed, ROSA26 knock-in 

Cre-reporter C57BL/6N (R25GRR) mice (17) were crossed with CAGG-CreERTM  

transgenic mice (JAX stock number 004682) (34) to obtain R26GRR::CAGG-

CreERTM F1 progeny. Tamoxifen (TAM)-dependent Mafb knockout mice were 

generated by crossing Mafbf/f mice (21, 22) with CAGG-CreERTM transgenic mice 

(JAX stock number 004682) (34). The Mafbf/f mice were generated on a C57BL/6J 

strain background as previously described (21, 22). In this study, Mafbf/f::CAGG-

CreERTM is referred to as MafbΔTAM mice. The Mafbf/f littermates were used as 

controls. To activate the Cre recombination system in the CAGG-CreERTM strain, 5-

week-old MafbΔTAM and their control groups were injected intraperitoneally with 75 

mg/kg body weight of TAM for 5 consecutive days (35). TAM (Sigma) was first 

dissolved in ethanol and then mixed with corn oil as described previously (36). 
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Validation of Cre recombination 

The pancreatic tissues were fixed for 4 h in 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) at 4°C, transferred to 30% sucrose solution 

overnight, and embedded in OCT compounds (Tissue-Tek, Sakura Fietek) before 

being frozen. Then, 5-µm sections were sliced and mounted with Fluoromount 

(Diagnostic BioSystems). All images were acquired under a fluorescence microscope 

(BIOREVO BZ-9000, Keyence). 

 

Immunohistochemistry 

The pancreatic tissues were fixed overnight in 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) at 4°C, processed, and embedded in paraffin. Then, 

2-µm sections were sliced and prepared according to standard methods. For the 

nuclear protein staining, the sections were soaked in 0.3% Triton X-100/PBS solution, 

followed by heat-induced epitope retrieval using Target Retrieval Solution (Dako) 

and a pressure cooker. All sections were blocked with appropriate serum for 1 h at 

room temperature and incubated overnight at 4°C with the following primary 

antibodies: guinea pig anti-insulin (1:500; ab7842, Abcam), rabbit anti-glucagon 

(1:2000; 2760, Cell Signaling), guinea pig anti-glucagon (1:1000; M182, Takara), 

rabbit anti-Arx (1:250; generous gift from Drs. Kunio Kitamura and Ken-ichirou 

Morohashi, Kyushu University, JAPAN) (26), mouse anti-Nkx6.1 (1:250; F55A10, 

DSHB) and rabbit anti-MafB (1:100; IHC-00351, Bethyl). The antigens were 

visualized using appropriate secondary antibodies conjugated to Alexa Flour 488 or 

594 (1:1000; Life Technologies), and the nuclei were labeled with Hoechst 33342 

(Molecular Probes). The tissue specimens were mounted with Fluoromount 
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(Diagnostic BioSystems). All images were acquired under a fluorescence microscope 

(BIOREVO BZ-9000, Keyence). 

 

Cell counting 

Following the immunofluorescence staining, the numbers of different cell types 

in the islet microscopy images of each islet were manually counted. For each cell type, 

20-40 representative islets from 3-6 mice per group were counted. To calculate the 

fraction of Ins+ and Glu+ cells within the islets, the number of Ins+ or Glu+ cells per 

islet was manually counted using ImageJ software and divided by the total number of 

Hoechst+ nuclei from the same islet (% hormone+ cells/islet Hoechst+ nuclei) and then 

normalized to the control group. The fractions of Nkx6.1+/Ins+ and Arx+/Glu+ cells 

were determined by dividing the number of double-positive cells per islet by the total 

numbers of Nkx6.1+ (Nkx6.1+/Ins– and Nkx6.1+/Ins+) and Arx+ (Arx+/Glu– and 

Arx+/Glu+) cells, respectively. The total Nkx6.1+ and Arx+ cell counts were 

normalized to their corresponding controls. 

 

Measurement of pancreatic insulin and glucagon content 

The whole pancreas was collected from MafbΔTAM mice 3 weeks post-TAM 

injection and homogenized in ice-cold acetic-ethanol buffer (1.5% HCl in 75% 

ethanol) as previously described (27). The total insulin and glucagon contents in the 

pancreatic tissue extracts were measured via enzyme-linked immunosorbent assay 

(ELISA) according to the manufacturer’s instructions (Morinaga Mouse Insulin 

ELISA Kit, M1102; Mercodia Glucagon 10 µl ELISA Kit, 10-1281-01). Each 

pancreatic content was normalized according to the total protein concentration per 

sample, which was determined using Bradford reagent (Thermo Fisher Scientific). 
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Measurement of blood glucose and plasma insulin concentration 

The blood glucose and plasma insulin levels were measured after an 16h 

overnight fasting. On the following morning, the blood glucose level was measured 

from the tail blood using a glucometer (Terumo, GR-101). To determine the plasma 

insulin level, venous blood was collected into a heparinized tube (Drummond 

Scientific Company) and assayed using the Morinaga Mouse Insulin ELISA Kit 

(M1102). 

 

TUNEL staining 

Apoptotic cells in paraffin-embedded pancreas sections were detected using the 

TUNEL labeling method on a DeadEndTM Fluorometric TUNEL system (Promega) 

according to the manufacturer's instructions. Positive control slides were prepared by 

performing an additional step of DNase-1 treatment to induce DNA fragmentation. 

Nuclei were counter-stained with Hoechst 33342 (Molecular Probes) before the 

analysis under a fluorescence microscope (BIOREVO BZ-9000, Keyence). 

 

Statistical analysis 

All data are presented as the mean ± SEM. To determine the statistical 

significance between the MafB mutants and controls, a minimum of three biological 

replicates were analyzed by performing Welch’s t-test, and a p-value < 0.05 was 

considered significant. 
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3-5. Figures and Legends 

 

Fig. 3.1 Cre recombination in CAGG-CreERTM driver is activated by tamoxifen. 

EGFP (non-Cre-recombined cells) and tdsRed (Cre-recombined cells) expression in 

the pancreas of R26GRR::CAGG-CreERTM and control (R26GRR) mice 3 weeks 

post-tamoxifen (TAM) injection. TAM was injected at 5 weeks of age. Nuclei were 

stained with Hoechst 33342. Scale bars, 50 µm. 
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Fig. 3.2 Loss of Mafb in adult mice impairs glucagon expression in mature α-cells. 
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Fig. 3.2 Loss of Mafb in adult mice impairs glucagon expression in mature α-cells. 

(A) Immunostaining of insulin (green) and glucagon (red) in MafbΔTAM and control 

(Mafbf/f) pancreata from mice 3 and 11 weeks post-tamoxifen (TAM) injection. TAM 

was injected at 5 weeks of age. Nuclei were stained with Hoechst 33342. Scale bars, 

50 µm. (B) Fraction of Ins+ and (C) Glu+ cells among islets in MafbΔTAM (closed bars) 

and control (open bars) pancreata (n ≥ 4). All values were normalized to those in age-

matched controls. ** p < 0.01. (D) Pancreatic insulin and (E) glucagon content in 

MafbΔTAM (closed bars) and control (open bars) pancreata from mice 3 weeks post- 

TAM injection (n = 6). Hormone contents were normalized to the total protein 

concentration. ** p < 0.01. 
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Fig. 3.3 MafbΔTAM mice show normal fasting blood glucose and plasma insulin levels. 

(A) Fasting blood glucose level (n ≥ 7) and (B) plasma insulin concentration (n = 4) 

in MafbΔTAM (closed bars) and control (Mafbf/f, open bars) male mice at 11 weeks post-

tamoxifen (TAM) injection. TAM was injected at 5 weeks of age. 
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Fig. 3.4 Adult-onset ablation of Mafb does not affect α-cell identity but 

suppresses glucagon expression. 
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Fig. 3.4 Adult-onset ablation of Mafb does not affect α-cell identity but 

suppresses glucagon expression. 

(A) Insulin (green) and Nkx6.1 (red) immunoreactivity in MafbΔTAM and control 

(Mafbf/f) pancreata from mice 3 and 11 weeks post-tamoxifen (TAM) injection. TAM 

was injected at 5 weeks of age. Nuclei were stained with Hoechst 33342. Scale bars, 

50 µm. (B) Total Nkx6.1+ cells per islets normalized to those in age-matched controls 

(n ≥ 4). (C) Fraction of Ins+ β-cells among the total Nkx6.1+ cell population in 

MafbΔTAM (closed bars) and control (open bars) pancreata (n ≥ 4). * p < 0.05 and ** p 

< 0.01. (D) Immunofluorescence of glucagon (green) and Arx (red) in MafbΔTAM and 

control pancreata from mice 3 and 11 weeks post-TAM injection. Nuclei were stained 

with Hoechst 33342. Scale bars, 50 µm. (E) Total Arx+ cells per islets normalized to 

those in age-matched controls (n ≥ 4). (F) Fraction of Glu+ α-cells among the total 

Arx+ cell population in MafbΔTAM (closed bars) and control (open bars) pancreata (n ≥ 

4). ** p < 0.01. (G) Co-staining of glucagon (green) and MafB (red) 3 weeks post-

TAM injection in MafbΔTAM and control mice. Nuclei were stained with Hoechst 

33342. Scale bars, 50 µm. 
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Fig. 3.5 Tamoxifen-induced Mafb deletion does not affect islet cell viability. 

(A) Detection of apoptosis by TUNEL assay in MafbΔTAM and control (Mafbf/f) 

pancreata from mice 11 weeks post-tamoxifen (TAM) injection. TAM was injected at 

5 weeks of age. Positive control slides (bottom panels) were treated with DNase-1 

before the TdT reaction. Nuclei were stained with Hoechst 33342. Scale bars, 50 µm. 

(B) Total islet cell number per islet in MafbΔTAM (closed bars) and control (open bars) 

pancreata from mice 11 weeks post-TAM injection (n ≥ 4).  
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CHAPTER 4: 

 
The role of MafB in islet cell lineage commitment 
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4-1. Purpose 

Because MafB affects both of α- and β-cell development, whose precursors are 

shared by PP- and δ-cells, respectively, I examined MafB’s involvement in other islet 

cell types. 

 

4-2. Results 

MafB expression during embryonic development favors α-cell lineage 

commitment by suppressing PP-cell differentiation. 

First, I performed immunostaining of somatostatin (Som)-producing δ-cells and 

pancreatic polypeptide (PP)-producing PP-cells to identify any changes in these cell 

populations (Fig. 4.1A and C). In both 3- and 8-week-old MafbΔEndo pancreas, the 

Som+ cell population remained unaffected (Fig. 4.1A and B). However, the PP+ cell 

population increased by approximately 3.5-fold compared with that in the controls at 

both ages (Fig. 4.1C and D; Control vs. MafbΔEndo; 3 W, 100 ± 16.6 vs. 387.7 ± 

45.9%; 8 W, 100 ± 26.4 vs. 352.1 ± 39.2%). Because PP-cells share a common 

precursor with α-cells, I investigated whether the increased PP+ cell population 

originates from a cell fate change induced by the Mafb deletion in α-cells; I conducted 

immunohistochemistry by co-staining using glucagon/PP or Arx/PP antibodies (Fig. 

4.1E and F). Surprisingly, most PP expression did not merge with the glucagon signal 

(Fig. 4.1E) but consistently merged with the Arx expression regardless of the 

genotype (Fig. 4.1F), suggesting that PP+ cells mainly originate from Arx+/Glu– cells. 

Although PP+/Glu+ double positive cells were rarely observed as previously reported 

(37), this subpopulation remained unaltered in both groups, excluded from the cell 

source of the Arx+/PP+ cell population. More strikingly, the significant 3.5-fold 

increase in the PP+ cell population was equivalent to the decreased fold change in the 
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Glu+ cell fraction (Fig. 4.1D and 2.2C), suggesting that the diminished glucagon-

producing cell population could be compensated for by the increased PP-producing 

cell population. These differences (approximately 3.5-fold change) were consistently 

observed in both the 3- and 8-week-old MafbΔEndo mice (Fig. 4.1D); whereas, the 

MafbΔTAM mice did not exhibit any change in any cell type population, including the 

δ- and PP-cell populations (Fig. 4.2A and B; Control vs. MafbΔTAM; Som+, 100 ± 9.2 

vs. 118.9 ± 8.7%; PP+, 100 ± 12.5 vs. 105.0 ± 9.9%). Because the total number of islet 

cells did not change (Fig. 3.5), the increased PP+ cells could have differentiated from 

Arx+/Glu– precursor cells. In summary, the population change is likely not due to cell 

fate conversion, rather to alterations in cell fate specification during the 

developmental stage, highlighting the importance of MafB for α-cell lineage 

specification due to its suppression of PP-cell fate differentiation (Fig. 4.3). 

 

4-3. Discussion 

Interestingly, the population of PP+ cells was increased at the expense of the 

decreased population of α-cells. During early pancreas morphogenesis, α/PP precursor 

cells (Arx+) preferentially differentiate towards the α-cell lineage, while a few cells 

are designated into PP-cell fate (19, 38). However, in the MafbΔEndo mice, a significant 

population of Arx+/Glu– cells are differentiated into PP-producing cells at 3 weeks of 

age, and their fate was maintained throughout the developmental stage until 8 weeks 

of age (Fig. 4.1C - F). Thus, α/PP precursor cells might favor promoting PP-cell 

lineage differentiation in the absence of MafB, indicating that MafB plays a potential 

role in the early α-cell fate decision during islet development by inhibiting PP cell 

differentiation (Fig. 4.3). 
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4-4. Materials and Methods 

Immunohistochemistry 

The pancreatic tissues were fixed overnight in 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) at 4°C, processed, and embedded in paraffin. Then, 

2-µm sections were sliced and prepared according to standard methods. For the 

nuclear protein staining, the sections were soaked in 0.3% Triton X-100/PBS solution, 

followed by heat-induced epitope retrieval using Target Retrieval Solution (Dako) 

and a pressure cooker. All sections were blocked with appropriate serum for 1 h at 

room temperature and incubated overnight at 4°C with the following primary 

antibodies: guinea pig anti-insulin (1:500; ab7842, Abcam), guinea pig anti-glucagon 

(1:1000; M182, Takara), rabbit anti-Arx (1:250; generous gift from Drs. Kunio 

Kitamura and Ken-ichirou Morohashi, Kyushu University, JAPAN) (26), rabbit anti-

pancreatic polypeptide (1:1000; ab113694, Abcam), goat anti-pancreatic polypeptide 

(1:50; ab77192, Abcam) and rabbit anti-somatostatin (1:50; 18-007, Zymed). The 

antigens were visualized using appropriate secondary antibodies conjugated to Alexa 

Flour 488 or 594 (1:1000; Life Technologies), and the nuclei were labeled with 

Hoechst 33342 (Molecular Probes). The tissue specimens were mounted with 

Fluoromount (Diagnostic BioSystems). All images were acquired under a 

fluorescence microscope (BIOREVO BZ-9000, Keyence). 

 

Cell counting 

Following the immunofluorescence staining, the numbers of different cell types 

in the islet microscopy images of each islet were manually counted. For each cell type, 

20-40 representative islets from 3-6 mice per group were counted. To calculate the 

fraction of Som+ and PP+ cells within the islet, the number of Som+ and PP+ cells per 
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islet was manually counted using ImageJ software and divided by the total number of 

Hoechst+ nuclei from the same islet (% hormone+ cells/islet Hoechst+ nuclei) and then 

normalized to the control group. 

 

Statistical analysis 

All data are presented as the mean ± SEM. To determine the statistical 

significance between the MafB mutants and controls, a minimum of three biological 

replicates were analyzed by performing Welch’s t-test, and a p-value < 0.05 was 

considered significant. 
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4-5. Figures and Legends 

 

Fig. 4.1 PP+ cell population is increased in the MafbΔEndo pancreas. 

(A) Immunostaining of insulin (green) with somatostatin (Som, red) and (C) 

pancreatic polypeptide (PP, red) in MafbΔEndo and control (Mafbf/f) pancreata from 3- 

and 8-week-old animals. Nuclei were stained with Hoechst 33342. Scale bars, 50 µm. 

(B) Fraction of Som+ and (D) PP+ cells within islets in MafbΔEndo (closed bars) and 

control (open bars) pancreata (n ≥ 4). ** p < 0.01. (E) Investigation of cell fate 

conversion by co-staining PP (green) with glucagon (red) or (F) Arx (red) antibodies 

in MafbΔEndo and control pancreata from 8-week-old animals. Nuclei were stained 

with Hoechst 33342. Scale bars, 50 µm. 
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Fig. 4.2. Mafb deletion after islet maturation does not affect δ- and PP-cell. 

(A) Immunostaining of insulin (green) with somatostatin (Som; left panels, red) and 

pancreatic polypeptide (PP; right panels, red) in MafbΔTAM and control (Mafbf/f) mice 

11 weeks post-tamoxifen (TAM) injection. TAM was injected at 5 weeks of age. 

Nuclei were stained with Hoechst 33342. Scale bars, 50 µm. (B) Fraction of Som+ and 

PP+ cells within islets in MafbΔTAM (closed bars) and control (open bars) pancreata (n 

≥ 4) from 11 weeks post-injection animals. 
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Fig. 4.3. Model of α- and PP-cell lineage differentiation. 

Schematic model of α- and PP-cell lineage specification from the α/PP precursor cells 

in wild-type (WT), MafbΔEndo, and MafbΔTAM mice. 
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CHAPTER 5: 

 
The role of MafB in glucagon regulation 
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5-1. Purpose 

According to the results from previous chapters, MafB is important for both α- 

and β-cell development at the neonatal stage and critical for the maintenance of 

glucagon production in α-cells. Here, I future explore the MafB-regulated genes that 

are involved in α- and β-cell differentiation as well as hormone production and 

secretion by performing a real-time qPCR analysis of pancreatic islet cDNA. 

 

5-2. Results 

MafB is a key regulator of glucagon gene expression. 

Islets were isolated from 10-week-old MafbΔEndo and TAM-injected MafbΔTAM 

mice 3 weeks post-injection. The mRNA expression analysis revealed successful 

deletion of Mafb in both mutant models (Fig. 5.1A and B) and the consequent 

decrease in glucagon gene (Gcg) expression (Fig. 5.1C and D). The MafbΔEndo islets 

exhibited a marked decrease in Arx transcription that was equivalent to the reduced 

number of Arx+ cells observed via immunohistochemistry (Fig. 2.4E), while a 

moderate decrease in the expression of Brn4, which is another α-cell-enriched gene 

(14), was also observed (Fig. 5.1C). In addition, the expression of β-cell-enriched 

genes (i.e., Ins2, Pdx1, and Nkx6.1) (14) was significantly lower in the MafbΔEndo 

islets (Fig. 5.1C), which could explain the partial recovery of insulin production 

indicated by the slight reduction in the Ins+ cell population and insulin content (Fig. 

2.2B and E). Thus, these results support my conclusion that an Mafb deficiency 

during embryogenesis suppresses α-cell development and glucagon expression and 

delays β-cell terminal differentiation. Moreover, the increase in the PP+ cell 

population in the MafbΔEndo mice was further supported by an up-regulated Ppy 
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mRNA level in the islets (Fig. 5.1C). Interestingly, the MafbΔEndo islets also showed 

decreased expression of the ghrelin gene (Ghrl) (Fig. 5.1C). Because certain ghrelin+ 

cells express MafB in wild-type embryos and neonatal mice pancreas (10, 39), the 

Mafb depletion during the embryonic stage may have affected the development of the 

ghrelin+ cell subpopulation. In contrast, the MafbΔTAM islets did not display any 

differences in the expression of α- and β-cell-enriched genes (i.e., Arx, Brn4, Ins2, 

Pdx1, and Nkx6.1) or any other islet hormone genes (i.e., Sst, Ppy, and Ghrl) (Fig. 

5.1D) (14), which is consistent with the immunostaining results (Fig. 3.2B, 3.4B and 

E). These data confirm that an Mafb ablation in adult mice impairs glucagon 

expression in α-cells but does not affect other islet cells. 

 

Because the previous study has shown that the expression of glucagon fully 

recovers following Mafb deletion (10), I aimed to identify the compensatory 

mechanism of glucagon production in the absence of Mafb. Thus, I further inspected 

the gene expression levels of other transcription factors known to regulate glucagon 

and/or α-cell differentiation, including Pax6 (40), Foxa2 (41, 42), Nkx2.2 (43), and 

the peptide-processing gene Pcsk2 (44) that liberates glucagon from proglucagon. 

Two of the four glucagon/α-cell regulatory genes (i.e., Foxa2 and Nkx2.2) were 

significantly reduced in the MafbΔEndo islets, while the other two genes (i.e., Pax6 and 

Pcsk2) exhibited a trend of reduced expression compared with that in the controls (Fig. 

5.1E). Thus, the Mafb deletion in the developing endocrine cells led to a down-

regulation of the other glucagon/α-cell regulators, which, in turn, exacerbated the 

glucagon reduction. Nevertheless, I cannot exclude the possibility that β-cells had an 

effect because these factors are also highly conserved in β-cells (14) and the 

MafbΔEndo islets showed a decreased trend of β-cell-enriched gene expression (Fig. 
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5.1C). However, in the MafbΔTAM islets, none of the glucagon/α-cell regulator genes 

were affected (Fig. 5.1F), suggesting that MafB is a major controller of α-cell 

functional maintenance in adult mice independent of other glucagon/α-cell regulators, 

such as Pax6, Foxa2, Nkx2.2, and Pcsk2. If these unaffected genes represent the α-

cell population, then this could explain the residual glucagon production in the Mafb-

deficient animals (MafbΔEndo and MafbΔTAM) (Fig. 2.2F and 3.2E). 

 

Mafb deletion disrupts glucagon secretion in response to α-cell stimuli. 

To address the functional competence of Mafb-deficient α-cells, I analyzed 

glucagon secretion in response to amino acid stimulation (45) in both mutant mice. 

Eight-week-old MafbΔEndo and TAM-injected MafbΔTAM male mice 3 weeks post-TAM 

treatment were injected with 1 mg/g L-arginine intraperitoneally after overnight 

fasting (Fig. 5.2A and B). In the basal state, the basal plasma glucagon levels in both 

mutant groups were significantly lower when compared with the control groups (Fig. 

5.2A and B; Control vs. MafbΔEndo, 15.7 ± 2.1 vs. 8.6 ± 1.3 pg/ml; Control vs. 

MafbΔTAM, 17.0 ± 2.8 vs. 8.3 ± 1.8 pg/ml). These results likely reflect the constantly 

observed reduced glucagon production phenotype and highlight the importance of 

MafB in maintaining the basal glucagon production and secretion. After the arginine 

stimulation, a rapid increase in the plasma glucagon levels was observed within 2 min, 

and a peaked was observed 10 min after the arginine administration in all control 

groups (Fig. 5.2A and B). However, both Mafb-deficient mice failed to secrete 

glucagon at the control level, although the MafbΔTAM mice exhibited slightly higher 

levels (Fig. 5.2A and B). Moreover, the plasma glucagon level peaked 2 min after the 

arginine injection in both mutants and remained unaltered (Fig. 5.2A and B), 
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suggesting the presence of possible defects in the cellular machinery that regulates 

glucagon secretion.  

 

To test whether arginine uptake via cationic amino acid transporters and/or the 

glucagon-secreting machinery was affected, real-time qPCR was performed on 

isolated pancreatic islets from 10-week-old MafbΔEndo and MafbΔTAM mice 3 weeks 

post-TAM injection. Since the β-cells were persistently affected by the Mafb ablation 

in the MafbΔEndo mice, both cationic amino acid transporter genes (i.e., Slc7a1 and 

Slc7a2) and KATP channel subunit genes (i.e., Kir6.2 and Sur1) involved in glucagon 

secretion (45) were down-regulated (Fig. 5.2C). However, the MafbΔTAM islets 

exhibited significant reductions in Slc7a1 and Slc7a2 but not Kir6.2 and Sur1 (Fig. 

5.2D). Therefore, the impaired arginine-stimulated glucagon secretion likely reflects 

reduced cationic amino acid transporter gene expression in both mutants and can be 

partially attributed to the reduced KATP channel subunits in the MafbΔEndo mice. 

Overall, these data suggest that Mafb ablation leads to insufficient glucagon secretion 

under basal and stimulated conditions, thereby supporting the role of MafB in α-cell 

development and function. 

 

5-3. Discussion 

This study confirmed my conclusion that MafB is important for α- and β-cell 

development and is critical for glucagon expression in α-cell in vivo. Both the 

MafbΔEndo and MafbΔTAM islets showed nearly complete deletion of Mafb expression 

and the consequent down-regulation of the glucagon gene expression. In the MafbΔTAM 

islets, no apparent changes were observed in the expression of α- and β-cell-enriched 

genes or the glucagon/α-cell regulatory genes. Collectively, the qPCR data support 
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the hypothesis that MafB substantially regulates glucagon gene expression in vivo and 

is a principal regulator of the glucagon gene. 

 

Given the recovery of the α-cell numbers and glucagon content in the MafbΔpanc 

mice (10), I further explored the secondary effects on glucagon production in the 

absence of Mafb, which indeed was constantly observed in both mutant mice (Fig. 

2.4G and 3.4G). Various transcription factors, including MafB (9), c-Maf (46), Pax6 

(40), Foxa1, Foxa2 (41, 42), NeuroD1 (47), Isl1 (48), and Brn4 (49), have been 

reported to regulate glucagon expression in α-cells. However, MafB and Brn4 are the 

only two factors known to be α-cell-specific, whereas the other genes are expressed in 

both α- and β-cells (14). Interestingly, a previous study investigating Brn4-null mice 

observed no significant impact on glucagon gene expression, synthesis, and secretion, 

suggesting that Brn4 is dispensable in glucagon regulation (50). In contrast, the 

relationship between MafB and glucagon expression has been clearly illustrated (38, 

51). For example, both the overexpression of Arx in pancreatic-progenitor cells and 

the deletion of Pdx1 in the β-cells lead to an increase in the α-cell population, which 

is frequently associated with MafB and glucagon expression (38, 51). Thus, MafB 

likely dominates the regulation of α-cell activity, including glucagon production and 

secretion, although a minimal level of glucagon is maintained through an MafB 

independent pathway. According to the MafbΔTAM islet gene analysis, the mRNA 

levels of Pax6, Foxa2, Nkx2.2, and Pcsk2 remained unchanged, with no indication of 

rescuing the depleted glucagon gene expression (Fig. 5.1F). Thus, Mafb ablation was 

exclusively responsible for glucagon reduction, supporting my hypothesis that MafB 

is the principal transcriptional activator of the glucagon gene in α-cells. 
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Although α-cell dysfunction is distinctly addressed in a study by Conrad et al., 

the specific glucagon secretary machinery affected by the Mafb ablation was not 

identified (10). In both of my mutant mice, cationic amino acid transporter genes (i.e., 

Slc7a1 and Slc7a2) are significantly decreased (Fig. 5.2C and D), suggesting that 

impaired arginine-stimulated glucagon secretion is likely caused by the reduced 

arginine transporter gene expression. Based on the Text Mining Application from 

SABiosciences and the UCSC Genome Browser, Foxa2 is predicted to target these 

transporter genes. However, Foxa2 expression was not reduced according to my 

qPCR analysis (Fig. 5.1F), indicating that the reduction in Slc7a1 and Slc7a2 

expression is independent of Foxa2 and that an alternative mechanism is responsible 

for the regulation of cationic amino acid transporter gene expression. 

 

Understanding α-cell functional activity not only enhances our knowledge of 

islet physiology but also has translational implications, given that the regulation of 

glucagon secretion and action have been shown to ameliorate diabetes symptoms (52, 

53). Extremely high plasma glucagon concentrations are observed in insulin-deficient 

states, such as type 1 diabetes, advanced type 2 diabetes and diabetic ketoacidosis (2, 

54). Therefore, inhibiting glucagon signaling may potentially reduce diabetic 

hyperglycemia, as demonstrated in animal studies. For example, compared with 

control mice, mice with either a disrupted glucagon receptor (55, 56) or defective 

glucagon synthesis (57, 58) tend to display reduced fasting blood glucose levels and 

improved glucose tolerance, even without treatment. Furthermore, glucagon receptor-

knockout mice are resistant to diabetes upon streptozotocin (STZ)-induced β-cell 

destruction (59). In addition, a recent study using a peptide-based glucagon receptor 

antagonist reported an improved metabolic control of genetically or directly induced 
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obesity-related diabetes in mice (60). Therefore, my discovery may potentiate 

glucagon regulation in diabetes through Mafb gene regulation. 

 

5-4. Materials and Methods 

Isolation of pancreatic islets 

Pancreatic islets were isolated from 10-week-old MafbΔEndo and MafbΔTAM mice 3 

weeks post-TAM injection as previously described with slight modifications (61). 

Briefly, after clamping the common bile duct at the intestine, the pancreas was 

inflated with 1 mg/ml collagenase type V (Wako) diluted in Krebs-Ringer 

Bicarbonate (KRBH) buffer (129.4 mM NaCl, 5.2 mM KCl, 1.3 mM KH2PO4, 1.3 

mM MgSO4, 2.7 mM CaCl2, 24.8 mM NaHCO3, 10 mM HEPES; pH 7.4). The 

distended pancreas was transferred to a collecting tube containing additional fresh 

collagenase solution and then incubated at 37˚C for 20 min with gentle shaking. After 

the second wash with ice-cold KRBP buffer containing 0.5% bovine serum albumin 

(BSA), the islets were hand-picked under a stereomicroscope. 

 

Quantitative real-time PCR (qPCR) 

Total RNA was extracted in ISOGEN (Nippon gene) from isolated pancreatic 

islets of 10-week-old MafbΔEndo and MafbΔTAM mice 3 weeks post-TAM injection. 

cDNA was synthesized according to the protocol of the QuantiTect Reverse 

Transcription Kit (Qiagen). Real-Time qPCR reactions were performed in duplicate 

on a Thermal Cycler Dice Real-Time System (Takara) using SYBR Green PCR 

master mix (Takara). The expression of all target genes was normalized to that of 

Hprt. The primers used in this study are listed in Table 1. 
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Arginine-stimulated glucagon secretion 

Eight-week-old MafbΔEndo and MafbΔTAM male mice 3 weeks post-TAM injection, 

and their corresponding controls were fasted for 16 h overnight. On the following 

morning, 1 mg/g body weight of L-arginine (Sigma) was injected intraperitoneally, 

and venous blood was collected at 0, 2, 10, and 25 min post-injection into heparinized 

tubes (Drummond Scientific Company). The plasma glucagon levels were determined 

using the Mercodia Glucagon 10 µl ELISA Kit (10-1281-01). 

 

Statistical analysis 

All data are presented as the mean ± SEM. To determine the statistical 

significance between the MafB mutants and controls, a minimum of three biological 

replicates were analyzed by performing Welch’s t-test, and a p-value < 0.05 was 

considered significant. To compare the longitudinal data obtained from the arginine-

stimulated glucagon secretion test, the p-values were calculated using Welch’s t-test 

followed by Holm’s correction for multiple comparisons. 
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Table 1. Primer sequences used for the real-time qPCR analysis. 

�  
Gene 

Primer Sequences (5’ → 3’) 

�  Forward Primer Reverse Primer 

�  Hprt ttgttgttggatatgcccttgacta aggcagatggccacaggacta 

 Mafb tgaatttgctggcactgctg aagcaccatgcggttcataca 

�  Gcg agggacctttaccagtgatgt aatggcgacttcttctgggaa 

 Arx tccggataccccacttagctt gacgcccctttcctttaagtg 

�  Brn4 ctcgccgcacactaaccat gctccagcataccgctcac 

�  Ins2 gcttcttctacacacccatgtc agcactgatctacaatgccac 

 Pdx1 ttcccgaatggaaccgagc gtaggcagtacgggtcctct 

�  Nkx6.1 cagacccacgttctctggac tgacctgactctccgtcatcc 

 Sst gagcccaaccagacagagaa gaagttcttgcagccagctt 

 Ppy tactgctgcctctccctgtt ccaggaagtccacctgtgtt 

 Ghrl gaagccaccagctaaactgc gcctgtccgtggttacttgt 

 Pax6 atatgtcgacagctccagcatgcagaac tgcccagaattttactcacacaa 

�  Foxa2 gagcaccattacgccttcaac aggccttgaggtccattttgt 

 Nkx2.2 atgtcgctgaccaacacaaa tcaccggacaatgacaagga 

�  Pcsk2 aatgacccctacccataccc gaggaggcttcgatgatgtc 

 Kir6.2 gtaggggacctccgaaagag tggagtcgatgacgtggtag 

 Sur1 ctggtcctcagcagcacat ggaactcttgggacgagaca 

 Slc7a1 atcggtacttcaagcgtggc ccatggctgactccttcacg 

 Slc7a2 atggctttacagggacgttg gcgttaaagctgcagaaacc 
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5-5. Figures and Legends 

 

Fig. 5.1 MafB is a key regulator of glucagon expression. 

Gene expression comparisons were performed by a qPCR analysis of pancreatic islets 

isolated from 10-week-old MafbΔEndo (upper panels) and MafbΔTAM mice 3 weeks post-

tamoxifen (TAM) injection (bottom panels) (n ≥ 5). TAM was injected at 5 weeks of 

age. (A and B) Mafb gene, (C and D) islet hormone and cell identity genes, and (E 

and F) glucagon production/α-cell differentiation regulatory genes were analyzed. 

Primers are listed in Table 1. * p < 0.05 and ** p < 0.01. 
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Fig. 5.2 Mafb deletion impairs glucagon secretion upon α-cell stimulation. 

(A and B) Glucagon secretion was measured after an intraperitoneal injection of L-

arginine (1 mg/g body weight) in (A) 8-week-old MafbΔEndo (n ≥ 8) and (B) MafbΔTAM 

male mice 3 weeks post-tamoxifen (TAM) administration (n ≥ 4). TAM was injected 

at 5 weeks of age. ** p < 0.01. (C and D) qPCR analysis of glucagon secretion 

machinery gene expression was performed on pancreatic islets isolated from (C) 10-

week-old MafbΔEndo and (D) MafbΔTAM mice 3 weeks post-TAM injection (n ≥ 5). * p 

< 0.05 and ** p < 0.01. 
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CHAPTER 6: 

 

SUMMARY AND CONCLUSION 
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6-1. Summary 

In the present study, I demonstrate that MafB regulates glucagon production and 

secretion in postnatal α-cells in vivo by using the following two different mouse 

models: endocrine cell-specific (MafbΔEndo) and TAM-dependent (MafbΔTAM) Mafb 

knockout mice. Both MafbΔEndo and MafbΔTAM mice exhibited a decreased population 

of Glu+ α-cells (Fig. 2.2C and 3.2C) and, consequently, reduced glucagon production 

(Fig. 2.3B and 3.3B) and secretion (Fig. 5.2A and B). Although the α-cell fate was 

unchanged, embryonic Mafb deletion further reduced the Arx+ cell population (Fig. 

2.5B) and increased the PP+ cell population to compensate for the decreased α-cell 

differentiation (Fig. 5B). Moreover, both mutant mice failed to respond to arginine 

(Fig. 5.2A and B), potentially due to the compromised expression of cationic amino 

acid transporter genes involved in arginine uptake (Fig. 5.3A and B). Therefore, my 

findings clearly demonstrate the contribution of MafB to α-cell development during 

the neonatal stage and the maintenance of α-cell function during adulthood in vivo. 

 

6-2. Conclusion 

In conclusion, my findings indicate that MafB is critical for glucagon production 

in α-cells to maintain development and function. Therefore, this study yields insight 

into islet physiology in glucagon regulation through MafB in α-cells, thereby 

providing a platform for understanding glucagon control under pathophysiological 

conditions. 
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