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Popular Science Summary

Diabetes is one of the most rapidly increasing health challenges worldwide,
affecting millions of people each year. At the centre of this disease are the insulin-
producing B-cells in the pancreas, which are responsible for keeping blood sugar
levels within a healthy range. When these cells fail to release enough insulin,
reflecting an early loss of function, blood glucose rises, and diabetes develops.
Although much progress has been made in understanding B-cell biology, we still do
not fully understand how these cells are formed during development, how they
maintain their function throughout life, and why they are particularly vulnerable in
T2D.

This thesis focuses on a gene called MAFB, a transcription factor that acts as a
molecular switch to turn other genes on or off. MAFB, together with a related gene
called MAFA, plays key roles in building and maintaining healthy p-cells. Reduced
levels of these factors have been observed in people with T2D, suggesting that
problems in these regulatory networks could contribute to B-cell dysfunction and
disease.

The first paper of this thesis investigates how MAFA and MAFB help B-cells release
insulin. Insulin release depends on a finely tuned process called exocytosis, in which
insulin-containing granules dock to the cell membrane and fuse to release their
contents into the bloodstream. We showed that both transcription factors regulate
many of the genes needed for this process, including STX1A4, STXBPI, and SYT7.
When MAFA or MAFB levels were experimentally reduced, -cells secreted less
insulin and key exocytosis genes were downregulated, resembling defects seen in
T2D. We also identified a genetic variant in MAFA that lowers its expression in
human islets and reduces the expression of several exocytosis genes, suggesting that
some individuals may carry a genetic predisposition to weaker insulin secretion.

The second paper of the thesis focuses on the development pancreas. Before birth,
endocrine cells (the hormone-producing cells of the pancreas) must migrate from
the pancreatic ducts and cluster into small groups called islets of Langerhans. This
is a highly coordinated process guided by signals from the surrounding tissue,
including autonomic nerves. We found that embryos lacking MafB show major
defects in islet formation: B-cells fail to migrate properly, remain attached to ducts,
and do not form normal islet structures. These cells also lose many of the receptors
needed to sense and respond to nerve-derived signals, such as nicotinic
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acetylcholine receptors. Inhibiting these receptors in experimental systems impaired
B-cell migration and clustering, demonstrating that nerve communication is
essential for organizing the developing pancreas.

The final part of the thesis examines the earliest cells that will eventually become
hormone-producing cells in the pancreas. Using single-cell analysis, we studied
thousands of developing cells and found that without MafB, many of them become
stuck and cannot decide whether to become B-cells or a-cells. Instead of maturing
normally, they remain in an in-between state. We also identified several important
genes, such as AUTS2, ETVI, MEIS2, and others, that MafB normally switches on
to guide these cells toward their final identity. Some of which contain genetic
variants linked to T2D. More studies on these genes are needed to understand
exactly how MAFB helps early pancreatic cells choose whether to become B-cells
or a-cells. These findings suggest that small changes in how MAFB works during
early development could influence a person’s risk of developing diabetes later in
life.

Taken together, the findings in this thesis reveal that MAFB is a central regulator of
B-cell development, communication, and function. It shapes the earliest endocrine
progenitor cells, coordinates nerve-mediated signals that organize the developing
pancreas and maintains insulin secretion in adult B-cells. MAFA and MAFB act
together to support the genetic programs required for healthy p-cells, and
disruptions in these pathways may contribute to the onset and progression of T2D.
By clarifying the roles of these transcription factors, this work provides deeper
insight into diabetes biology and supports the development of new strategies to
generate or protect B-cells for therapeutic purposes.

11



Popularvetenskaplig sammanfattning

Diabetes dr en av de snabbast vixande globala hilsoutmaningarna och drabbar
miljontals ménniskor varje ar. I centrum f{or denna sjukdom finns de
insulinproducerande [B-cellerna i bukspottkdrteln, som har till uppgift att halla
blodsockernivaerna pa en hilsosam niva. Nér dessa celler inte ldngre kan frisatta
tillrdckligt med insulin, eller gradvis forlorar sin funktion, stiger blodsockret och
diabetes utvecklas. Trots stora framsteg inom diabetesforskningen forstar vi
fortfarande inte fullt ut hur B-celler bildas under utvecklingen, hur de behéller sin
funktion genom livet och varfor de &r sirskilt sérbara vid typ 2-diabetes (T2D).

Denna avhandling fokuserar pa en gen som heter MAFB, en transkriptionsfaktor
som fungerar som en molekylér strombrytare som kan sl& pa eller av andra gener.
MAFB, tillsammans med den nirbesliktade genen MAFA, spelar viktiga roller i att
bygga upp och uppritthalla friska B-celler. Minskade nivaer av dessa faktorer har
observerats hos personer med T2D, vilket antyder att stérningar i dessa
regleringsnitverk kan bidra till B-cellsdysfunktion och sjukdom.

Den forsta delen av avhandlingen undersdoker hur MAFA och MAFB hjilper -
celler att frisdtta insulin. Insulinfrisdttning beror pa en finreglerad process som
kallas exocytos, dér insulinfyllda vesikler dockar mot cellmembranet och smélter
samman med det for att tdmma sitt innehdll i blodet. Vi visade att bada
transkriptionsfaktorerna reglerar manga av de gener som behdvs for denna process,
bland annat STXI1A, STXBPI och SYT7. Niar nivierna av MAFA eller MAFB
minskades experimentellt, frisatte P-cellerna mindre insulin och flera viktiga
exocytosgener nedreglerades — ett monster som liknar det som ses vid T2D. Vi
identifierade ocksd en genetisk variant i MAFA som minskar genens uttryck i
ménskliga Langerhanska dar och samtidigt sénker uttrycket av flera exocytosgener.
Detta tyder pa att vissa individer kan ha en genetisk bendgenhet for svagare
insulinfrisittning.

Den andra delen av avhandlingen handlar om bukspottkortelns utveckling. Innan
fodseln maste endokrina celler (de hormonproducerande cellerna i bukspottkorteln)
migrera frdn gangarna och samlas i sma grupper som kallas Langerhanska oar.
Denna process styrs av signaler frdn omgivande vdvnader, bland annat frén det
autonoma nervsystemet. Vi fann att embryon som saknar MafB uppvisar allvarliga
defekter i 6-bildningen: B-cellerna migrerar inte som de ska, fastnar vid gangarna
och bildar inte normala 6-strukturer. Dessa celler forlorar ocksd manga av de
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receptorer som kravs for att uppfatta och svara pd nervsignaler, exempelvis
nikotinacetylkolinreceptorer. Nir dessa receptorer hdmmades i experimentella
modeller forsimrades P-cellernas migration och klustring, vilket visar att
nervsignalering &r avgorande for hur bukspottkorteln organiseras under
utvecklingen.

Den sista delen av avhandlingen undersoker de tidigaste cellerna som s sméningom
kommer att bli bukspottkortelns hormonproducerande celler. Med hjilp av
cellsanalys studerade vi tusentals utvecklande celler och fann att i franvaro av MafB
fastnar ménga av dem i ett mellanlége och kan inte bestimma sig for om de ska bli
B-celler eller a-celler. Vi identifierade ocksé flera viktiga gener — bland annat
AUTS2, ETVI och MEIS2 — som MafB normalt aktiverar for att styra cellerna mot
deras slutliga identitet. Vissa av dessa gener innehéller dessutom genetiska varianter
som ar kopplade till T2D. Fler studier av dessa gener behovs for att forsta exakt hur
MAFB hjélper tidiga pankreasceller att vilja om de ska utvecklas till B-celler eller
a-celler. Dessa fynd tyder pd att smé fordndringar i hur MAFB fungerar under
utvecklingen kan paverka risken att drabbas av diabetes senare i livet.

Sammanfattningsvis visar resultaten i denna avhandling att MAFB dr en central
regulator av B-cellsutveckling, kommunikation och funktion. MAFB formar de
tidigaste endokrina progenitor cellerna, samordnar nervmedierade signaler som
organiserar den utvecklande bukspottkorteln och upprétthaller insulinfriséttning i
vuxna f-celler. MAFA och MAFB arbetar tillsammans for att stodja de genetiska
program som krévs for friska B-celler, och stdrningar i dessa nétverk kan bidra till
uppkomsten och utvecklingen av T2D. Genom att klargéra hur dessa
transkriptionsfaktorer fungerar bidrar denna avhandling till en djupare forstaelse av
diabetes och kan stddja utvecklingen av nya strategier for att skapa eller bevara
funktionella B-celler i framtida behandlingar.

13
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Introduction

Diabetes mellitus

Diabetes mellitus is the most prevalent chronic metabolic disorder worldwide,
characterized by impaired glucose homeostasis and often causing long-term
complications. According to the World Health Organization, the global prevalence
of diabetes has increased dramatically, rising from approximately 200 million cases
in 1990 to an estimated 830 million in 2022, significantly contributing to the global
disease burden (1). People diagnosed with diabetes have a two- to threefold increase
in overall mortality risk compared with non-diabetic individuals (2). Beyond its
impact on health, diabetes also imposes a substantial economic burden. In 2019,
global health spending on diabetes reached approximately USD 760 billion, a figure
projected to increase to USD 825 billion by 2030 and USD 845 billion by 2045 (3).
This escalating economic pressure, together with the long-term complications of the
disease, poses a major challenge to healthcare systems worldwide.

The etiology of diabetes mellitus remains incompletely understood. However,
current evidence suggests that it is a multifactorial disease, arising from interactions
between genetic susceptibility and environmental factors. A significant genetic
component has been well established in the predisposition to disease. Genome-wide
association studies (GWAS) have uncovered many genetic loci associated with T2D
risk, revealing the polygenic nature of the disease (4). In parallel, environmental
factors such as diet, physical activity, sleep patterns, psychological stress, and
socioeconomic status have been recognized as major contributors that modulate
individual susceptibility to the disease (5).

Developing diabetes mellitus significantly increases the risk of various
complications that impact both health and life expectancy. Chronic hyperglycemia
contributes to damage in small and large blood vessels, leading to microvascular
complications such as retinopathy, nephropathy, and neuropathy, as well as
macrovascular issues like cardiovascular disease and stroke (6). Clinically, diabetes
is diagnosed when fasting plasma glucose is >7.0 mmol/L on two separate
occasions, when the two-hour plasma glucose concentration during an oral glucose
tolerance test (OGTT) is >11.1 mmol/L, or glycated hemoglobin Alc (HbAlc) is
>6.5%. These diagnostic criteria provide essential insights into an individual’s
glycaemic status and guide appropriate clinical management (7). Typical
manifestations of diabetes include fatigue, excessive thirst, frequent urination,
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weight loss, blurry vision, recurring infections, and delayed wound healing. These
signs result from the body's inability to regulate glucose levels effectively, causing
dehydration and impairing immune responses (8).

Diabetes is commonly categorized into several types, with the two main ones being
Type 1 diabetes(T1D) and Type 2 diabetes (T2D). T2D accounts for approximately
90-95% of all diabetes cases globally, while T1D comprises about 5-10% of cases.
The American Diabetes Association (ADA) categorizes diabetes into four primary
types: T1D, T2D, gestational diabetes mellitus (GDM), and specific forms of
diabetes resulting from other causes. Table 1 provides an overview of prevalence,
etiology, and key diagnostic criteria for various types of diabetes mellitus as
classified by the ADA (9).

20



Table 1: Diabetes mellitus classification according to the ADA

Diabetes Type

Type 1 Diabetes

Type 2 Diabetes

Gestational
Diabetes Mellitus
(GDM)

Other specific
types

Prevalence

~5-10% of

diabetes cases.

~90-95% of

diabetes cases.

Varies;
approximately
8.3% of U.S.
pregnancies.

Less common.

Etiology

Autoimmune
destruction of
pancreatic f3-cells
leads to insulin
deficiency.

Insulin resistance
combined with
progressive -cell
dysfunction. Risk
factors include obesity,
physical inactivity, and
genetic predisposition.

Glucose intolerance
was first detected
during pregnancy.

Includes: Monogenic
diabetes syndromes;
diseases of the
exocrine pancreas
(e.g., cystic fibrosis);
drug- or chemical-
induced diabetes

Key Diagnostic
Criteria

High fasting
glucose levels
and presence of
autoantibodies
against
pancreatic islet
antigens.

Elevated fasting
glucose,
increased HbAlc
percentages, and
abnormal results
from OGTT.

OGTT, typically
performed during
the third
trimester of
pregnancy.

Diagnostic
approaches vary
based on the
specific subtype;
genetic testing is
frequently
required.
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Type 1 Diabetes

T1D is an autoimmune disease characterized by immune driven destruction of
insulin-producing beta cells (B-cells) in the pancreas, leading to insulin deficiency
(10). Insulin deficiency in T1D leads to elevated blood glucose levels, typically
confirmed by the presence of diabetes-related autoantibodies and low C-peptide
levels. T1D is recognized as a polygenic autoimmune disease, wherein multiple
genetic variants contribute to an individual's susceptibility. Among of these, the
human leukocyte antigen (HLA) region stands out as the most significant genetic
factor, with certain HLA haplotypes markedly increasing the risk (11). T1D usually
manifests during childhood or early adulthood and is managed with lifelong
exogenous insulin treatment (12). In recent years, islet transplantation has emerged
as an effective treatment for T1D (13). In this procedure, functional islets are
isolated from the pancreas of a deceased donor and transplanted into the recipient's
liver, where they can re-establish endogenous insulin production (14). While islet
transplantation has shown clinical success in reducing or eliminating insulin
dependence, the limited availability of donor pancreata significantly restricts its
widespread application. This limitation underscores the urgent need for alternative
cell-based therapies, such as the generation of functional islet-like cells from in vitro
differentiation protocols.

Type 2 Diabetes

T2D is primarily characterized by a combination of insulin resistance and
progressive B-cell dysfunction (15). Insulin resistance refers to the diminished
responsiveness of peripheral metabolic tissues, specifically skeletal muscle, adipose
tissue, and hepatocytes to insulin, resulting in impaired glucose uptake and
utilization (16). Although insulin resistance is highly prevalent in the general
population, affecting approximately 25% of adults, normoglycemia is often
maintained because pancreatic f-cells compensate by increasing insulin secretion
(17). However, insulin resistance alone does not cause T2D (18). The disease
develops when this compensatory capacity fails, driven by a progressive decline in
B-cell function and mass, thus B-cells can no longer secrete enough insulin to
overcome the prevailing insulin resistance (19). Consequently, the interplay
between insulin resistance and B-cell dysfunction forms the core pathophysiological
basis of T2D, with B-cell failure being the critical determinant of disease onset and
progression (20).

As previously discussed, hyperglycemia is associated with various environmental
and lifestyle factors. Obesity significantly influences the development of T2D by
impairing insulin sensitivity in peripheral tissues. Excess adipose tissue, particularly
visceral fat, secretes pro-inflammatory cytokines and free fatty acids, which disrupt
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insulin signalling pathways and reduce glucose uptake in muscle and adipose cells.
This dysfunction contributes to the pathogenesis of insulin resistance and T2D (21).

Aging also is a significant risk factor for T2D. It adversely affects p-cell mass,
proliferation, and regenerative capacity, resulting in impaired insulin secretion.
These age-related changes hinder the pancreas's ability to meet metabolic demands,
thereby increasing the risk of developing T2D in older adults (22).

Emerging evidence indicates that epigenetic modifications- heritable changes in
gene expression without alterations in the DNA sequence, play a pivotal role in the
pathogenesis of T2D. Environmental factors such as diet, physical activity, and
aging can influence epigenetic mechanisms, including DNA methylation and
histone modifications, thereby affecting genes involved in glucose metabolism and
insulin signalling (23).

In addition to environmental influences, genetic predisposition plays a significant
role in the development of T2D, particularly through its impact on pancreatic 3-cell
function. GWAS have identified numerous genetic variants associated with T2D
susceptibility, with the TCF7L2 gene being the most statistically significant. Each
copy of the risk allele in 7CF7L2 increases the risk of developing T2D by
approximately 41%, highlighting its substantial role in disease pathogenesis (24).
T2D is recognized as a polygenic disorder, where variants across multiple genetic
loci collectively determine an individual's overall genetic risk for developing the
disease (4).

Recognizing T2D as a heterogeneous condition comprising various subtypes with
distinct characteristics, underlying mechanisms, and complications is increasingly
important. This heterogeneity significantly affects both disease progression and
therapeutic outcomes. To better address this complexity, researchers have
developed refined classification systems that go beyond the traditional binary
classification of diabetes. In a key study, Ahlqvist and colleagues used data driven
cluster analysis to identify five subgroups of adult-onset diabetes: severe
autoimmune diabetes (SAID), severe insulin-deficient diabetes (SIDD), severe
insulin-resistant diabetes (SIRD), mild obesity-related diabetes (MOD), and mild
age-related diabetes (MARD) (25). Importantly, this classification was later shown
in a large prospective study of the ANDIS cohort to be associated with distinct risks
of microvascular and macrovascular complications, as well as mortality,
independent of traditional risk factors, underscoring its clinical relevance (26).
Implementing such classifications could help improve personalized treatment
strategies by allowing healthcare providers to tailor interventions more effectively
and identify patients at higher risk of complications early in the disease course.

23



Pancreatic islet

The pancreas is an abdominal organ with both exocrine and endocrine functions,
classifying it as a heterocrine gland. Anatomically, it is situated in the upper
abdomen, posterior to the stomach, and extends from the duodenum to the spleen
(27).

The exocrine component constitutes approximately 85% of the pancreatic tissue and
comprises acinar cells organized into clusters. These cells synthesize and secrete
digestive enzymes, including trypsin, lipase, and amylase, which are essential for
the breakdown of proteins, fats, and carbohydrates. These enzymes are delivered
into the duodenum through a branched ductal system, enabling efficient nutrient
digestion (28).

Scattered among the exocrine acinar cells are clusters of endocrine tissue known as
the islets of Langerhans, which comprise approximately 1-2% of the total
pancreatic mass. The estimated number of islets in the human pancreas ranges from
1 to 1.5 million (29, 30), whereas the mouse pancreas contains approximately
1,000-5,000 islets, a difference that reflects the proportional ratio between the
pancreatic masses of the two species (31). Within these islets, endocrine cells are
organized into distinct populations responsible for the secretion of different
hormones. Approximately 60% insulin-producing B cells, 30% glucagon-secreting
alpha (o) cells, and about 10% somatostatin-producing delta (8) cells, along with
smaller populations of pancreatic polypeptide (PP)-producing cells and ghrelin-
secreting epsilon (g) cells (32). While human and mouse pancreatic islets share a
similar cellular composition, they differ in architecture and cellular distribution
(31). In mouse islets, B-cells are predominantly located at the core, surrounded by a
mantle of a-, 8-, and other endocrine cells. In contrast, human islets exhibit a more
heterogeneous and intermingled structure, with o- and P-cells more evenly
distributed throughout the islet (Figurel) (33). Additionally, mouse islets contain a
higher proportion of B-cells, while human islets have a relatively higher abundance
of a-cells. These structural differences are accompanied by species-specific
variations in gene expression profiles and glucose responsiveness (34).
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Figurel: Schematic illustration of human and mouse islet. Created with BioRender.com.

Pancreatic -cells secrete insulin in response to elevated blood glucose levels, a
process regulated by both intrinsic cellular mechanisms and extrinsic signals from
other physiological systems. One key regulatory factor is the incretin hormone
glucagon-like peptide-1 (GLP-1), which is secreted by intestinal L-cells upon
nutrient ingestion. GLP-1 enhances glucose-stimulated insulin secretion (GSIS)
from P-cells in a glucose-dependent manner, thereby reducing the risk of
hypoglycaemia (35). Additionally, GLP-1 suppresses glucagon secretion from a-
cells, contributing to the maintenance of glucose homeostasis (36).

In addition to hormonal and metabolic cues, the autonomic nervous system (ANS)
comprising sympathetic and parasympathetic branches play a critical role in
regulating islet function. The parasympathetic nervous system, primarily through
the vagus nerve, promotes insulin secretion by releasing acetylcholine, which acts
on muscarinic receptors on B-cells (37). Conversely, the sympathetic nervous
system releases catecholamines like norepinephrine, which can inhibit insulin
secretion via a2-adrenergic receptors and stimulate glucagon release from a-cells,
particularly during stress or hypoglycaemia (38). The ANS can also participate in
the control of insulin secretion indirectly via the regulation of pancreatic and islet
blood flow (39). Moreover, pancreatic islet function is influenced by circulating
signals from peripheral metabolic organs, including the liver, adipose tissue, bone,
and skeletal muscle. These inter-organ communications play a crucial role in
maintaining metabolic homeostasis and can influence islet hormone secretion and
B-cell survival (38).
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The B-cell and Insulin granules

Pancreatic B-cells are the most abundant endocrine cell type in the islets across
species. They are responsible for the production, storage, and regulated release of
insulin which is the only hormone capable of lowering blood glucose levels. Human
insulin is encoded by the /NS gene, located on chromosome 11. With glucose acting
as the primary regulator of INS mRNA expression.

Insulin biosynthesis begins with the translation of INS mRNA into preproinsulin, a
110-amino-acid precursor that includes a signal peptide, a B-chain, a connecting
peptide (C-peptide), and an A-chain (40). The signal peptide directs the nascent
polypeptide into the endoplasmic reticulum, where it is cleaved to produce
proinsulin. Within the endoplasmic reticulum, proinsulin undergoes folding into its
native conformation, facilitated by the formation of three disulfide bonds between
specific cysteine residues. Proinsulin is then transported to the Golgi apparatus and
sorted into immature secretory granules within the trans-Golgi network. In these
granules, proinsulin undergoes enzymatic cleavage, resulting in the production of
biologically active insulin and free C-peptide (41).

The mature insulin, composed of 51 amino acids, is stored in dense-core granules
until B-cells are stimulated primarily by elevated glucose levels to secrete insulin
through regulated exocytosis (42). A typical B-cell contains approximately 8,000 to
13,000 insulin-containing secretory granules and, upon nutrient stimulation, can
secrete around 5—10% of'its insulin content per hour (43). Interestingly, around 60%
of the insulin released over a 24-hour period is newly synthesized, despite individual
insulin granules having a lifespan of approximately 2.7 days (44). The molecular
basis for the selective secretion of newly synthesized insulin is still not fully
clarified.

Each insulin granule measures approximately 200-300 nanometers in diameter and
contains a dense crystalline core primarily composed of insulin complexed with zinc
ions. This core is surrounded by a less dense halo and enclosed within a
phospholipid bilayer membrane (45). In addition to insulin, granules contain over
150 distinct protein species, including prohormone processing enzymes, granins,
membrane trafficking regulators, and ion transporters, all of which contribute to
granule maturation, stability, and regulated secretion (46).

Insulin Secretion

Insulin secretion by pancreatic -cells is a highly regulated process initiated by
elevated blood glucose levels. In humans, glucose enters B-cells primarily via the
GLUT!1 transporter, whereas in mice, GLUT2 serves as the principal glucose
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transporter (46). Notably, GLUT2 is also expressed in human B-cells, and its
knockdown has been shown to impair insulin secretion (47). After entering the f3-
cell, glucose is phosphorylated by glucokinase and converted to pyruvate through
glycolysis. Subsequent mitochondrial oxidation of pyruvate in the tricarboxylic acid
cycle leads to an accumulation of intracellular ATP. This increase in ATP triggers
the closure of ATP-dependent potassium (K*) channels, resulting in plasma
membrane depolarization. Consequently, voltage-gated calcium (Ca?*') channel
(VGCC) open, leading to an influx of Ca®*" ions. The resulting elevation in
cytoplasmic Ca?" concentration triggers the exocytosis of insulin-containing
secretory granules, ultimately leading to insulin release into the bloodstream (48).
These steps in insulin secretion are summarized in Figure 2.

To sustain insulin release, -cells must continuously replenish and prepare insulin
granules through several coordinated steps, including transporting granules to the
plasma membrane, assembling the exocytotic machinery, docking, priming, and
eventual fusion for release (49). Insulin exocytosis is triggered within milliseconds
by a glucose-induced rise in intracellular Ca?* and initially involves granules from
the readily releasable pool, which consists of granules docked at the plasma
membrane and primed for immediate release upon stimulation. Although the readily
releasable pool represents a small fraction of the total insulin granule population, it
is essential for the swift B-cell response to acute glucose elevation (50). This first
phase is often markedly reduced or absent in people with impaired glucose tolerance
or early T2D (18).

Following this, the second phase is characterized by a sustained and gradual release
of insulin and depends on the recruitment of granules from a deeper cytoplasmic
reserve pool. To become competent for secretion, these granules are progressively
mobilized from internal stores and prepared at the plasma membrane before fusion
can occur. The priming step prepares these granules for Ca?"-dependent fusion
through the assembly of the SNARE complex: plasma membrane-associated
syntaxin 1A (STX1A) and SNAP25 bind to the vesicle-associated VAMP2, forming
a tight complex that positions the vesicle close to the membrane (51) . This process
is further regulated by Ca?*-sensing synaptotagmins (e.g., SYT 1-3, 5-7, 9-10) and
accessory proteins including RIM1/2, STXBP1 (MUNC-18), and UNC-13 (MUNC-
13) (52, 53). In T2D, several studies have reported reduced expression levels of key
SNARE proteins, which may contribute to defective insulin granule exocytosis (54-
56).
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Figure 2: Schematic illustration of GSIS in pancreatic B-cells. Glucose uptake via GLUT1
increases ATP, closing ATP-dependent potassium (K') channels and depolarizing the
membrane. This opens voltage-gated Ca** channels, causing Ca®" influx and triggering
insulin granule exocytosis. Created with BioRender.com.

Pancreatic development

Pancreatic development has been extensively studied to guide the development of
regenerative strategies for pancreatic disorders, particularly diabetes. Insights into
the molecular mechanisms governing in vivo pancreatic cell fate decisions have
significantly improved protocols for in vitro differentiation of pluripotent stem cells
(PSCs) into pancreatic lineages. The pancreas originates from both dorsal and
ventral domains of the foregut endoderm, with pancreatic organogenesis initiating
at approximately post-conception week (PCW) 4 in humans (day 27-29),
corresponding to embryonic day (E) 8.5 in mice (57). At this first stage, the
emerging pancreatic domain is marked by the onset of PDX1 expression, which
defines the pancreatic anlage. The indispensable requirement of PDX1 for pancreas
formation is demonstrated by global Pdx1 deletion in mice, resulting in complete
pancreatic agenesis at birth. Moreover, hypomorphic Pdx1 alleles generated by
deletion of regulatory regions required for optimal PDX1 expression produce only
a small remnant pancreas containing ductal and acinar cells but severely reduced
endocrine development, with a-cells being the least affected (58, 59). In humans,
rare homozygous or compound-heterozygous mutations in PDX1 have similarly
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been associated with pancreatic dysgenesis, ranging from partial to complete
absence of the pancreas, typically presenting with endocrine and exocrine
insufficiency and often causing permanent neonatal diabetes (60).

As development progresses, rotation of the primitive gut tube facilitates the
convergence and fusion of the dorsal and ventral pancreatic buds, resulting in the
formation of a single, unified organ. Both pancreatic buds harbour multipotent
progenitor (MP) cells that differentiate to all epithelial lineages of the pancreas.

During branching morphogenesis, MP cells diverge into two major progenitor cell
populations: tip cells, which are committed to the acinar (exocrine) lineage, and
trunk cells, which retain the capacity to generate both ductal and endocrine cells.
This cell fate divergence is governed by key transcription factors: PTF1A,
promoting tip cell identity, and NKX6-1, driving trunk specification (61). In
addition, Notch signalling exerts a critical influence on trunk progenitor cells
through lateral inhibition, maintaining the balance between ductal and endocrine
lineages. High Notch activity preserves progenitors in a ductal state by inducing
Hes1, whereas reduced Notch activity relieves this repression and permits endocrine
cell commitment (62, 63). Recent studies further indicate that Notch acts in a level-
dependent manner rather than an on/off switch, fine-tuning progenitor self-renewal
and lineage allocation (64, 65).

Subsequently, trunk progenitors progressively give rise to endocrine progenitor
cells (EPs) marked by the expression of NEUROG3 (also known as NGN3), a
master regulator of endocrine cell differentiation (66). Following NEUROG3
expression, endocrine progenitor cells delaminate from the ductal epithelium and
migrate into the surrounding mesenchyme, where they cluster and form the islets of
Langerhans (67). Once specified, EPs undergo further differentiation driven by a set
of lineage-defining transcription factors that establish the major endocrine cell

types.

Among these lineage-specifying factors, the mutually antagonistic transcription
regulators Pax4 and Arx play a central role in directing endocrine subtype allocation
(68). The essential role of Pax4 is evident from Pax4-null mice, which die shortly
after birth due to a profound loss of insulin-producing B-cells and resulting
hyperglycaemia. These animals also lack somatostatin-secreting d-cells, while a-
cells are disproportionately increased and exhibit abnormal clustering (69). In
humans, several PAX4 polymorphisms and mutations have been associated with
increased susceptibility to T2D, including variants identified in Japanese and
African American populations (70). Conversely, Arx expression restricted to
developing a- and PP-cells downstream of Ngn3. Loss of Arx results the reciprocal
phenotype, with a complete absence of a-cells and a compensatory expansion of [3-
and o-cells, leading to severe hypoglycaemia, weakness, and dehydration (71).

In mice, committed EPs undergo spatial reorganization to form a structure known
as the “peninsula,” where newly formed precursor cells displace older cells outward.
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In this process, a-cells appear first at the tip of the peninsula, followed by B-cells,
which localize to an intermediate layer, and d-cells, forming the innermost region
near the epithelial cord. Around birth, as NEUROG3" cell production declines,
differentiated endocrine cells re-enter the cell cycle, and the islets begin to adopt a
more spherical morphology. By late gestation and early postnatal life, endocrine
cells migrate inward and cluster near pancreatic ducts, ultimately forming the
mature islets of Langerhans that regulate hormone secretion in the adult pancreas
(72).

Importantly, there are significant species-specific differences between mouse and
human pancreatic development that influence both developmental biology and
endocrine maturation. In humans, pancreatic hormone expression begins around 8
PCW with the appearance of insulin-producing B-cells, which increase in number
by week 9. Glucagon-expressing o-cells appear shortly thereafter (73). In contrast,
in mice, the a-cells emerge first, with glucagon® cells detectable as early as E9.5,
followed by insulin accumulation begins slightly later, around E11, and then rapidly
increases during the "second wave" of insulin differentiation, around E15.5 (74).
Unlike the biphasic pattern observed in mice, human pancreatic development
appears to follow a single, continuous wave of B-cell formation. Although B-cells in
both species utilize many of the same transcriptional regulators throughout
development and into maturity, the timing, expression dynamics, and functional
roles of these factors can differ significantly.

Neurogenin-3

Neurogenin-3 (Neurog3) is a proendocrine transcription factor essential for
establishing the endocrine lineage during pancreatic development. It is transiently
expressed in endocrine progenitor cells and is critical for initiating the
differentiation of all major pancreatic endocrine cell types. In mice, Neurog3
expression begins around E8.5 and peaks between E15.5 and E16.5, marking the
critical window for endocrine lineage specification (75). In humans, NEUROG3
expression is detectable in the developing pancreas by 7-8 PCW, with peak
expression observed around week 11 (76).

Importantly, Neurog3-positive cells do not co-express mature endocrine hormones,
highlighting their identity as early endocrine progenitors (66). Mice deficient in
Neurog3 fail to develop pancreatic endocrine cells and die postnatally due to
diabetes (77). Conversely, overexpression of Neurog3 has been shown to accelerate
endocrine differentiation, driving premature commitment of progenitor cells to the
endocrine fate (78). In humans, mutations in NEUROG3, whether homozygous or
compound heterozygous, have been linked to early-onset diabetes(79, 80). The
timing of disease manifestation varies, from the neonatal period to childhood,
depending on the severity of NEUROG3 dysfunction. Patients often also develop
congenital malabsorptive diarrhoea, caused by a failure of intestinal endocrine cells
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to form in the absence of functional NEUROGS3. Studies using human pluripotent
stem cells have further demonstrated that NEUROG3 is essential for the
differentiation of pancreatic endocrine cells, including insulin-producing p-cells,
confirming its critical role in human endocrine development (81).

Innervation of the islets

The adult pancreas is densely innervated from the autonomic nervous system
(ANS), including sympathetic, parasympathetic, sensory fibers, and contains
intrapancreatic ganglia (82). Islet innervation is essential for proper islet function
and plays a critical role in islet development and the maintenance of B-cell mass (83,
84). Upon activation, nerve terminals release neurotransmitters and neuropeptides
near islet cells, enabling rapid neural regulation of hormone secretion and glucose
homeostasis. In addition to this direct neural input, the ANS indirectly modulates
hormone release by regulating islet blood flow, reflecting the close integration of
vascularization and innervation (85). Importantly, islet innervation is altered in
animal models of insulin resistance and T2D. In addition to the extrinsic neural
input, mature B-cells themselves secrete neurotransmitters such as y-aminobutyric
acid (GABA), serotonin, and dopamine, which contribute to local autocrine and
paracrine regulation within the islet (86, 87).

Vascularization and innervation of islets begin in the embryo and continue
postnatally (88). Pancreatic innervation begins with the development of intrinsic
neurons that form intrapancreatic ganglia. These ganglia are believed to originate
from neural crest (NC) cells that migrate into the pancreas during development. In
the adult pancreas, these ganglia are diffusely distributed throughout the pancreas,
located near nerve trunks and adjacent to the islets (89). Their axons extend to the
islets of the endocrine pancreas, ducts, and acinar tissue, establishing complex
neural networks that regulate pancreatic function. These intrapancreatic ganglia are
parasympathetic postganglionic ganglia that receive parasympathetic preganglionic
input from the brain (via the vagus nerve), as well as modulatory sympathetic
postganglionic input (90). Although the precise function of these ganglia remains
unclear, evidence suggests that they stimulate insulin secretion (91).

Mouse and human islets exhibit distinct but related patterns of innervation. Earlier
studies suggested that pancreatic islets in mice are densely innervated, with nerve
fibres in close contact with endocrine cells, whereas human islets contain relatively
few large nerve fibres, mainly located around intra-islet blood vessels. This led to
the conclusion that neural regulation of hormone secretion in humans is largely
indirect and mediated through changes in blood flow rather than direct
neurotransmission (92, 93). However, recent three-dimensional (3D) imaging
studies have challenged this view, demonstrating that both human and mouse islets
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receive extensive sympathetic and parasympathetic innervation, although the
overall density of innervation is lower in human islets (90). Comparative studies
further indicate that, in adult mice, innervation is enriched within the endocrine
compartment relative to the exocrine pancreas, whereas in humans the endocrine
and exocrine compartments display a more comparable degree of innervation(90).
Despite these quantitative differences, the overall organization and functional role
of pancreatic innervation are more similar between human and mouse than
previously assumed. Interestingly, islet nerve density has been shown to increase in
non-obese diabetic (NOD) mice, and in pancreatic tissue from human donors with
T2D (90).

Sympathetic innervation

The sympathetic nerves of the pancreas arise from the dorsal root ganglia located in
the thoracolumbar region of the spinal cord (94). Sympathetic preganglionic
neurons project their axons via the splanchnic nerves to the celiac and superior
mesenteric ganglia. From there, sympathetic postganglionic fibres extend to the
pancreas, where they innervate the intrapancreatic ganglia, islets, acinar tissue, and
ducts (82). These postganglionic fibres express tyrosine hydroxylase (TH), an
enzyme required for noradrenaline synthesis, and release noradrenaline as their
primary neurotransmitter. In addition to noradrenaline, sympathetic nerve terminals
may co-release neuropeptides such as neuropeptide Y and galanin, which can
modulate sympathetic signalling. In the adult pancreas, sympathetic neural activity
plays a key role in maintaining blood glucose homeostasis by inhibiting insulin
secretion from B cells (95)and stimulating glucagon release from a cells, thereby
increasing circulating glucose levels during stress and exercise (96). Sympathetic
signalling also causes vasoconstriction of pancreatic blood vessels, reducing islet
perfusion and contributing indirectly to decreased insulin secretion and hormone
release into the circulation.

During development, sympathetic fibres can be detected in the mouse pancreas as
carly as E12.5 and at 8 PCW in humans (94) (97). Disruption of sympathetic nerves
during development, whether through genetic manipulation or pharmacological
methods, leads to changes in islet structure, decreased insulin secretion, and
impaired glucose tolerance in mice, despite no observed defects in P-cell
differentiation (98). Importantly, a study in a global tyrosine hydroxylase (TH)
knockout mouse demonstrated a marked decrease in B-cell numbers and lower
expression of the pro-endocrine transcription factors Neurog3 and Insl at E13.5
(99).

In mice, TH-positive sympathetic axons are densely distributed around the
periphery of the islets and make preferential contacts with a-cells, facilitating
glucagon release. In contrast, in humans, sympathetic axons are less abundant and
exhibit a different distribution pattern. Most TH-labelled fibres are located around
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intra-islet blood vessels, where they likely regulate hormone secretion indirectly by
modulating islet blood flow rather than through direct synaptic signalling (92, 100).
However, advanced three-dimensional imaging analyses have identified a minor
population of sympathetic axons near a- and [-cells, suggesting that direct
innervation of endocrine cells may complement the predominant indirect vascular
regulation (97, 101). Alterations in sympathetic islet innervation have been linked
to diabetes in a disease-specific manner. Loss of local sympathetic innervation has
been consistently observed in animal models of T1D and in individuals with T1D
(102, 103). In contrast, sympathetic neuronal loss is not observed in people with
T2D, suggesting distinct autonomic alterations between the two conditions.

Parasympathetic innervation

Parasympathetic innervation emerges predominantly from the dorsal motor nucleus
of the vagus (DMV) and to a lesser extent from the nucleus ambiguus (NA), both
situated within the brain stem. Preganglionic vagal fibers project to the
intrapancreatic ganglia, where they synapse with postganglionic neurons that
innervate acinar tissue and the islets of Langerhans (104). The primary
neurotransmitter released is acetylcholine (ACh); however, nitric oxide (NO),
vasoactive intestinal polypeptide (VIP), and gastrin are also co-released (105).
Parasympathetic nerves, like their sympathetic counterparts, play an important role
in blood glucose regulation. Following food intake, activation of parasympathetic
neurons stimulates the secretion of digestive enzymes from acinar cells (106) and
promotes insulin release from pancreatic B-cells (107). In addition, during
hypoglycaemic conditions, parasympathetic signalling enhances glucagon secretion
from a-cells, which helps increase blood glucose levels when necessary (108).

On embryonic day 12.5 (E12.5), only a small population of parasympathetic fibres
can be observed in the developing mouse pancreas. and by E18.5, these axons
appear to establish synaptic contacts with endocrine cells (109). The specific role of
parasympathetic innervation in the embryonic mouse pancreas remains
incompletely understood. However, some studies have demonstrated that ablation
of parasympathetic nerves leads to a selective reduction in pancreatic 6 cell
populations (110).

In both humans and mice, parasympathetic fibres run alongside blood vessels,
forming neurovascular networks that extend toward the acinar—islet interface and
link the exocrine and endocrine compartments. In human islets, scattered VAChT*
(vesicular acetylcholine transporter) cells are also observed, although their identity
remains uncertain since both neurons and endocrine cells can take up and
decarboxylate amine precursors. This highlights the close anatomical integration of
vascular and neural pathways within the pancreas and suggests potential species-
specific features of cholinergic signalling (111).
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Maf Transcription Factors

MAF transcription factors belong to the basic leucine zipper (bZIP) superfamily and
are defined by a conserved DNA-binding domain, which enables sequence-specific
interaction with target genes, and a leucine zipper motif that mediates protein
dimerization required for functional activity. Members of the MAF family play
essential roles in the development, differentiation, and functional specification of
various organs and tissues, including the pancreas, lens, myeloma cells, and
cartilage (112).

Based on their molecular size and domain structure, MAF transcription factors are
classified into two subgroups: small MAFs (MAFF, MAFG, and MAFK), consisting
of approximately 150—160 amino acids, and large MAFs (MAFA, MAFB, c-MAF,
and NRL), which range from 240 to 340 amino acids in length. Small MAFs lack
intrinsic transcriptional activation domains, leading their homodimers to function
primarily as transcriptional repressors. However, they can form heterodimers with
other bZIP proteins to regulate gene expression in various biological contexts (113).

In contrast, Large MAF transcription factors possess a transcriptional activation
domain that enables them to act as transcriptional activators. They typically form
homodimers and bind to specific DNA motifs known as Maf Recognition Elements
(MARES) which are conserved sequences located within the promoter or enhancer
regions of target genes. This interaction allows large MAFs to regulate gene
expression programs essential for cell differentiation and tissue-specific function
(114).

MafA

MafA (v-maf musculoaponeurotic fibrosarcoma oncogene homolog A) is a key
marker of B-cell identity and a critical transcription factor in the regulation of § cell
function and maturation (115). In mice, MafA expression is first detected at E13.5
in insulin producing cells and remains exclusively restricted to adult B-cells(116).
MafA binds to a conserved insulin enhancer element, RIPE3, where it acts as a
transcriptional activator of the insulin gene in B-cells (117, 118). While MafA can
activate the insulin promoter independently, its co-expression and synergistic
interaction with Pdx1 and Beta2 (NeuroD1) further enhance insulin gene
transcription (119). In mice, maximal GSIS is typically not achieved until
approximately three months after birth, coinciding with the upregulation of Maf4
and insulin expression (115, 120). Interestingly, ectopic MafA expression in
pancreatic endocrine progenitor cells disrupts their differentiation into hormone
producing cells, underscoring the need for tightly regulated MafA levels during 3-
cell maturation (121).
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In humans, MAfA expression begins around gestational week 21 and increases
postnatally (122). During fetal and early postnatal stages, MAFA expression in
human B-cells remains low, but it increases markedly with maturation, reaching
levels approximately six times higher in adult compared to fetal purified p-cells
(123). This postnatal, age-dependent increase closely mirrors the MAFA expression
pattern observed in rodents, where MAFA upregulation is similarly linked to B-cell
maturation.

Beyond its developmental functions, MafA plays a crucial role in maintaining
glucose homeostasis and B-cell identity in adult animals. MafA-deficient mice
develop glucose intolerance after weaning as a result of impaired GSIS and display
progressive, age-dependent onset of diabetes, along with reduced expression of key
B-cell genes such as Insi, Ins2, Pdx1, Neurodl, and Slc2a2 (124, 125), underscoring
its critical role in sustaining the mature B-cell transcriptional program. More recent
evidence demonstrates that MafA deficiency in adult B-cells also triggers aberrant
hormone gene expression, including ectopic activation of Gast (gastrin), a hormone
normally absents from p-cells. These MafA-deficient p-cells acquire a
transcriptional profile resembling Gast* cells that emerge under conditions of
chronic hyperglycemia and obesity, highlighting MafA’s central role in preserving
B-cell identity and functional stability (126).

Reduced expression of MafA has been strongly associated with the progression of
diabetes in both murine models and human patients. In db/db diabetic mice, MafA
levels are significantly downregulated, largely due to oxidative stress caused by
chronic hyperglycaemia (127). Likewise, pancreatic islets from individuals with
T2D show a substantial reduction in both MAFA mRNA and protein expression
when compared to non-diabetic controls (128).

Given its critical role in mature B-cell function, MAFA has emerged as a key target
in regenerative strategies aimed at producing fully functional B-cells from
pluripotent stem cells. Timely upregulation of MAFA expression is essential for
promoting B-cell maturation in vitro. In human embryonic stem cells (hESCs),
inducing MAFA at appropriate stages of differentiation has been shown to enhance
GSIS, highlighting its importance in diabetes cell therapy strategies (129).

MafB

Although MafA and MafB both belong to the large Maf transcription factor family,
their expression patterns and functional roles are distinct. In mice, MafB is
expressed in mature a-cells and is commonly used as o-cell marker (130)Its
expression begins earlier than that of MafA, first appearing around E10.5 in
glucagon-positive cells and subsequently at E12.5 in insulin-positive cells. MafB is
also detected in a small subset of Neurog3* endocrine progenitors, indicating a role
in early endocrine cell differentiation and islet morphogenesis (131). During
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embryogenesis, MafB is expressed in both a- and B-cell progenitors; however, its
expression in B-cells progressively declines after E18.5 and is completely lost by
approximately three weeks postnatally. This downregulation coincides with the
postnatal upregulation of MafA in insulin-producing p-cells (116).

Mice with a global deletion of MafB exhibit severe physiological defects, including
respiratory and kidney abnormalities, and typically die at birth because of
respiratory failure (132). In these knockout models, insulin- and glucagon-
producing cells are reduced during embryogenesis, while the total number of
endocrine cells remains unchanged. This suggests that MafB is specifically required
for a- and B-cell differentiation. Mechanistically, MafB binds directly to the
regulatory regions of the insulin and glucagon genes, playing a critical role in their
transcription during fetal development. Notably, insulin-expressing cells appear
with a delay in MafB-deficient mice, emerging around E13.5, in parallel with the
initiation of MafA expression (133). MafB also promotes the transcription of MafA
in developing B-cells, indicating a sequential and cooperative relationship between
these two factors. Moreover, MafB is required to maintain expression of essential
B-cell genes such as Pdxl and Sic2a2 (encoding the glucose transporter GLUT?2).
In the absence of MafB, the expression of these gene products remains at normal
levels until approximately E15.5 but is markedly reduced by E18.5 (133, 134).

In contrast to mice, the expression pattern of MAFB in humans is different. MAFB
expression begins around gestational week 7 and continues to increase through week
21, where it is detected in both a- and B-cells. Unlike in mice, MAFB remains
expressed in mature human B-cells postnatally, suggesting that human B-cells co-
express both MAFA and MAFB.

Functionally, MafB plays a crucial role in regulating glucagon gene expression in
pancreatic a-cells by binding to the G1 regulatory element within the promoter
region (131, 135). This regulation is essential for proper glucagon secretion during
hypoglycaemia, thereby contributing to glucose homeostasis. Importantly, MAFB
expression is downregulated in both a- and B-cells of individuals withT2D,
suggesting that impaired MAFB function may contribute to dysregulated insulin and
glucagon secretion in the diabetic state (136).

Developmental Regulators

As described earlier in the preceding sections, endocrine lineage specification relies
on a core set of regulators, including NEUROG3, PDX1, NKX6-1, PAX4, and
ARX. In addition to these canonical regulators, several transcription factors that
have been primarily studied in other biological systems have been proposed as
candidates with potential relevance for early pancreatic development. These include
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AUTS2, ETV1, RUNXI1T1, MEIS2, and MLXIPL, each of which carries regulatory
functions that could influence how endocrine progenitor cells acquire their fate.

AUTS2 is known for its role as a transcriptional activator acting through its
interactions with chromatin-modifying complexes and its enrichment in regions of
open, transcriptionally active chromatin (137). AUTS2 has also emerged as an
important regulator of lineage specification. Studies using cerebral organoids show
that loss of AUTS2 disrupts normal neuronal differentiation, reducing the number
of neuron-committed cells while increasing cells that adopt a choroid plexus—like
identity (138). These findings suggest that AUTS2 safeguards proper differentiation
by preventing progenitor cells from diverting toward inappropriate cell fates,
highlighting its broader developmental importance.

ETV1 is a transcription factor with important roles in early development and tissue
morphogenesis (139, 140). It is required for proper heart formation and for the
maturation of both murine and human stem-cell-derived cardiomyocytes (141,
142). Recent work has shown that ETV1 also influences pancreatic differentiation:
loss of ETV1 impairs cell—cell and cell-matrix adhesion during in vitro pancreatic
development, leading to reduced formation of endocrine progenitor cells (143).
These observations position ETV1 as a regulator of mechanosignaling and cellular
organization, supporting proper endocrine lineage allocation and 3D tissue
architecture.

RUNXI1T1 has been implicated in midgut development and in several epithelial and
solid-organ neoplasms, including those of the lung and breast (144, 145).
Importantly, expression analyses reveal that Runx/¢t] mRNA is markedly reduced
in Neurog3-deficient fetal pancreas (146), strongly suggesting that RUNXI1TI
functions downstream of this master endocrine regulator and may play a previously
underappreciated role in endocrine lineage specification.

MEIS2 is a TALE-homeodomain transcription factor with diverse developmental
functions. It is a direct regulator of PAX6 during lens development and cooperates
with PDX1 to enhance transcriptional activation of target genes (147, 148). MEIS2
expression has been reported in adult human islets, primarily in B-cells and g-cells
(149). Single-cell transcriptomic studies indicate that it is also present in endocrine
progenitor cells and, to a lesser extent, in ductal populations (150). Despite this
expression pattern, the specific functions of this gene in human pancreatic
development remain largely unknown, suggesting a potential role in endocrine
progenitor cell maturation that warrants further investigation.

MLXIPL (ChREBP) is expressed in pancreatic B-cells, where its o and p isoforms
are required for glucose-stimulated p-cell proliferation (151). MLXIPL expression
is elevated in diabetic mouse models, linking its activity to nutrient-driven B-cell
stress (152). Under conditions of chronic caloric excess, MLXIPL promotes lipid
accumulation and reduces mitochondrial fatty acid p-oxidation in [-cells,
contributing to metabolic dysfunction (153).
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Aims

The MAF family of transcription factors, including MAFA and MAFB, are critical
regulators of pancreatic islet development and function, and their expression is
reduced in B cells from individuals with T2D. However, the MAF-regulated genes
required for insulin granule exocytosis in human [ cells remain poorly
characterized. During pancreas development, MAFB is present in Neurog3*
endocrine progenitors as well as in insulin- and glucagon-producing cells,
suggesting broader functions in endocrine differentiation and islet formation. The
overall aim of this thesis is to define the role of MAFB during pancreatic
development and endocrine cell specification and function.

Specific aims of the thesis

1. To investigate how MAFA and MAFB regulate genes required for insulin
exocytosis in human f cells, and how their loss may contribute to impaired
insulin secretion in T2D.

2. To investigate the role of MAFB in regulating neural signaling pathways
during pancreatic development and to determine how its loss affects p-cell
clustering and islet formation.

3. To identify direct target genes of MAFB in endocrine progenitor cells, in
order to define the gene networks that MAFB controls during early
endocrine lineage specification.
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Ethical Consideration

All research presented in this thesis was conducted in accordance with relevant
ethical guidelines, legislation, and approved permits. Experiments involving mouse
embryos and genetically modified mouse lines, including the MafA used to study
B-cell function and the MafB mutant models used to investigate endocrine cell
development, were carried out at accredited animal facilities at Lund University and
approved by the regional animal ethics committee, with all procedures designed to
minimize suffering and performed in accordance with the 3R principles of Replace,
Reduce, and Refine.

Studies involving human pancreatic islets were conducted using tissue obtained
from ethically approved biobanks, where donors had provided informed consent in
accordance with national regulations; all samples were fully anonymized before
being received by the laboratory, ensuring that no identifiable information was
accessible to researchers.

The EndoC-BH1 cell line used in this thesis was originally derived from human
fetal pancreatic tissue obtained after elective termination of pregnancy, for which
written informed consent was provided. The generation of this cell line was
approved by the French Biomedical Agency and conducted in accordance with
national bioethics legislation. The purpose of creating EndoC-fH1 was to establish
a physiologically relevant human B-cell model for diabetes research, and subsequent
studies have shown that it closely mirrors many features of adult human -cells.
This makes it a valuable and ethically well-regulated model system for studying -
cell function and diabetes pathophysiology. Genomic analyses, including single-cell
RNA sequencing, were performed on anonymized samples and stored on secure
servers in compliance with Lund University’s data protection policies. Analyses
involving human fetal pancreatic tissue were likewise conducted using samples
obtained through approved ethical procedures, with informed consent from donors
and complete anonymization before use. Throughout the project, scientific integrity
was maintained through rigorous documentation, appropriate experimental controls,
and transparent reporting of methods and results. Overall, the ethical considerations
of this work focus on the responsible use of animals, human islets, human-derived
cell lines, and genomic data, with the overarching aim of advancing scientific
understanding of pancreatic development and diabetes pathophysiology while
upholding ethical and societal standards.
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Material and Methods

This thesis combines several experimental approaches. In this chapter, the primary
models and methods are presented and discussed, with particular attention to their
respective strengths and limitations. Complete and detailed descriptions of each
method are provided in the appended papers.

Animal models

In this thesis, various transgenic mouse models were employed. All animal
procedures were pre-approved and performed in accordance with Swedish national
guidelines.

MafB-GFP knock-in (MafB~") mice

Generation of MafB” mice was previously described (132). In this model, the coding
region of the MafB gene was replaced by a GFP reporter cassette through
homologous recombination in embryonic stem cells, thereby disrupting MafB
expression while allowing GFP to serve as a reporter for MafB promoter activity.
Embryonic pancreata were collected at stages E14.5, E15.5, and E18.5 (paper 1II),
or at E13.5, E14.5, and E15.5 (Paper III), and processed for cDNA microarray,
single-cell RNA-seq, and immunohistochemistry. These stages represent critical
windows of endocrine progenitor specification and p-cell differentiation.

MIP-GFP transgenic mice

The MIP-GFP mouse line, originally developed by Hara et al (154), expresses GFP
under the control of the mouse insulin promoter, restricting expression to insulin-
producing B-cells. No alterations in islet formation were observed, allowing its use
as a reliable model for B-cell identification. In Paper II, embryonic B-cells from
MIP-GFP mice were isolated and co-cultured with superior cervical ganglia, which
provide a source of acetylcholine, to assess whether inhibition of nAChR activity
affected p-cell migration toward autonomic nerves.
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MafA-deficient (MafA—/—) mice

MafA™" mice were used in Paper I to investigate whether loss of MafA in B-cells
contributes to T2D progression by regulating genes essential for insulin exocytosis.
Global deletion of Maf4 was achieved by crossing Maf4"™ mice (155) with Sox2-
Cre transgenic animals (156), resulting in complete knockout of Maf4 in all tissues.

Cell lines

EndoC-BH1 cells

EndoC-BHI cells were maintained as previously described (157) on flasks coated
with Matrigel (100 ugmL™) and fibronectin (2 pg mL™"). Cells were cultured in
DMEM containing 5.6 mmol L' glucose, 2% BSA, 10 mmol L' nicotinamide,
50 pumol L™ B-mercaptoethanol, 5.5 mgmL™" transferrin, 6.7 ngmL™" sodium
selenite, and antibiotics (100 [UmL™" penicillin, 100 pugmL™" streptomycin) at
37 °C in a humidified atmosphere with 5% COs..

Human and Mouse Islets

Human pancreatic islets from 191 donors of European ancestry were obtained
through the Nordic Islet Transplantation Program, Uppsala, coordinated by Prof.
Olle Korsgren. Collection and use of islets were conducted under full ethical
clearance (Uppsala Regional Ethics Board, Pro00001754) with written informed
consent from donor families. The islets were provided in collaboration with the
Excellence of Diabetes Research in Sweden and the Lund University Diabetes
Centre and distributed by the Human Tissue Lab at the Clinical Research Centre,
Malmo, Sweden.

To complement the human data, mouse pancreatic islets from 6-month-old wild-
type and Maf4 ™"~ mice were isolated using standard collagenase digestion and hand-
picking procedures. Both human and mouse islets were processed for RNA
extraction and subsequent RNA sequencing (RNA-seq), with RNA extraction,
quality control, and sequencing.
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Molecular and Genomic Techniques

Real-time quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was used in all the papers included in this thesis. In this method, total
RNA is extracted, reverse-transcribed into cDNA, which then served as a template
for amplification. During amplification, fluorescence dyes enabled real-time
detection of the accumulating product. The fluorescence signal increased
proportionally with the amount of amplified DNA, and the cycle threshold (Ct) was
defined as the number of cycles required for the fluorescence to exceed a set
threshold, reflecting the starting quantity of the target transcript.

To assess relative expression, the AACt method was applied. First, Ct values of
target genes were normalized to those of endogenous reference genes (ACt). Then,
differences between experimental and control samples were calculated (AACt), and
relative fold change in gene expression was determined using the 2"(-AACt)
formula. The choice of stable endogenous controls is essential for accurate
normalization and reliable interpretation of RT-qPCR results (158).

cDNA Microarray Analysis

For global gene expression profiling in MafB-deficient endocrine progenitors,
cDNA microarray analysis was performed in paper II. Total RNA was extracted
from fluorescence-activated cell-sorted (FACS) GFP* endocrine cells, reverse-
transcribed into fluorescently labelled cDNA, and hybridized to DNA microarrays
containing probes for thousands of known mouse genes. Fluorescence intensity at
each probe site was quantified to determine relative transcript abundance between
MafB-deficient and control samples. While this technique provides robust detection
of gene expression changes, it is limited to predefined probe sets and does not
capture novel transcripts or isoforms, in contrast to bulk RNA sequencing used in
later studies.

Bulk RNA-sequencing

Bulk RNA sequencing was used to profile gene expression in whole pancreatic islet
preparations. Total RNA was extracted from a heterogeneous cell population,
converted into cDNA, and sequenced. In Paper I, bulk RNA-seq was used to
compare transcriptomes of wild-type and Maf4—/— mouse islets, determining how
long-term loss of MafA affects B-cell gene expression. In Paper II, it was used to
assess whether neurotransmitter and axon guidance signaling genes are expressed
in the developing human pancreas. While bulk RNA-seq provides an averaged
expression profile across all cells, it does not resolve cell-to-cell heterogeneity.
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Single-cell PCR analysis (Fluidigm panel)

To assess cell-to-cell variation in gene expression, single GFP* pancreatic cells from
MafB*"~ and MafB~~ embryos were isolated by FACS and subjected to targeted
single-cell gene expression profiling using the Fluidigm BioMark HD system. After
reverse transcription and pre-amplification, a selected panel of genes related to a-
and PB-cell differentiation and neurotransmitter signalling was quantified by
microfluidic qPCR. This approach enabled us to determine the distribution of
specific endocrine progenitor subtypes in heterozygous versus knockout sample.

Single-cell RNA-seq

In contrast to targeted qPCR panels, scRNA-seq provides genome-wide
transcriptional profiles of individual cells, enabling the identification of distinct cell
populations and transcriptional heterogeneity. In Paper II and Paper 111, scRNA-seq
was performed on human embryonic pancreas and MafB-deficient mouse pancreata,
respectively, to characterize endocrine progenitor cells, B-cell precursors, and other
cell types during development. Cells were processed using a droplet-based
microfluidic system (10x Genomics Chromium), sequenced, and analyzed using
standard pipelines for dimensionality reduction, clustering, and differential gene
expression. This approach provided high-resolution insights into cell-specific
transcriptional programs that are not detectable by bulk RNA-seq.

Dual Luciferase Reporter Assay

In principle, a luciferase assay involves cloning a regulatory element, such as a
promoter or enhancer, upstream of a luciferase reporter gene in an expression
plasmid. The construct is then transfected into cells, where reporter activity provides
a readout of the regulatory element’s activity. In paper 11, this approach was used
to directly assess the functional impact of genetic variation at the AUTS2 and ETV]
loci. Genomic fragments carrying either reference or risk alleles of T2D-associated
SNPs were subcloned into the pFOXLucPRL.GB firefly luciferase vector. HEK293
cells were transfected with these constructs together with MAFA-WT/pcDNA3.1 or
MAFB-WT/pcDNA3.1 expression plasmids, along with a Renilla luciferase
plasmid for normalization. An illustration of the luciferase assay design used in
Paper 111 is shown in Figure 3.

44



M P> Transcription PN
[ AUTSZ/ETVI [ ] — |
| allele fragment | N J
HEK293 cells

|

Luciferase

Intense signal measured from
luciferase activity

Figure 3: Luciferase reporter assay design for AUTS2 and ETV1 regulatory variants.
Genomic fragments from the AUTS2 and ETV1 loci containing either reference or risk alleles
of T2D-associated SNPs were cloned upstream of a Firefly luciferase reporter in the
pFOXLucPRL.GB vector. HEK293 cells were co-transfected with these constructs together
with MAFA-WT/pcDNA3.1 or MAFB-WT/pcDNA3. Created with BioRender.com.
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Papers In Summary

Paper |

MAFA and MAFB regulate exocytosis-related genes in human p-cells

T2D develops when pancreatic B-cells can no longer secrete sufficient insulin to
meet metabolic demand, reflecting a progressive decline in B-cell function. One of
the earliest defects is the loss of first-phase insulin secretion, a process that depends
on efficient granule docking, priming, and exocytosis at the plasma membrane
(159). Reduced expression of exocytosis-related genes and impaired granule
docking have been consistently observed in human T2D islets, implicating defective
exocytosis as a key contributor to B-cell dysfunction (160). MAFA expression is
markedly reduced in B-cells from individuals with T2D, and both MAFA and
MAFB regulate genes required for glucose-stimulated insulin secretion (136, 161,
162). However, the specific MAF target genes that control insulin granule
exocytosis in human B-cells remain poorly defined. This study aims to identify
MAFA- and MAFB-regulated exocytosis genes in mouse and human p-cells and to
determine how their dysregulation may contribute to -cell failure in T2D.

Results and discussion:

Our first objective was to identify novel target genes of MafA involved in insulin
granule exocytosis. RNA sequencing of wild-type and MafA4 7/ mouse islets revealed
62 exocytosis-related genes that were significantly altered upon MafA loss, with 30
being downregulated, further supporting MafA as a major activator of the B-cell
exocytotic program. Because adult human B-cells co-express both MAFA and
MAFB, we next examined whether these factors regulate similar pathways in
humans. Correlation analyses in human islet RNA-seq datasets showed that 29
exocytosis genes were positively associated with both MAFA and MAFB, whereas
additional genes displayed MAFA-specific or MAFB-specific correlations,
indicating both shared and divergent regulatory roles for the two transcription
factors. Cross-species comparison identified eight conserved MAF-regulated
exocytosis genes: STXBP1, UNCI13A4, SYT5, VAMP2, STX16, RAB34, CAMK2N?,
and ADRA2A with NAPA showing MAFA-specific and NSF showing MAFB-
specific regulation.

To define the functional contribution of MAFA and MAFB to -cell exocytosis, we
performed siRNA-mediated knockdown of each factor in EndoC-BHI1 cells. MAFA
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silencing significantly impaired both GSIS and KCl-induced insulin secretion (K-
SIS), whereas MAFB knockdown produced only mild, non-significant effects,
indicating a predominant role for MAFA in maintaining the exocytotic machinery.
Because the K-SIS assay bypasses glucose metabolism and directly triggers insulin
release via depolarization and Ca*" influx, these data indicate that MAFA directly
supports the Ca?"-dependent exocytosis. This observation is further supported by
independent studies combining single-cell RNA sequencing and patch-clamp
electrophysiology, which demonstrated a strong positive correlation between MAFA
transcript levels and insulin exocytosis in human p-cells (163).

To explore whether MAFA and MAFB regulate specific components of the
exocytosis process, we quantified transcripts of candidate exocytosis genes
identified in our earlier analyses. MAFA knockdown markedly reduced the
expression of STXIA, STXBPI, and SYT7, whereas MAFB knockdown caused a
more subtile decrease in STX/A4 and SYT7. Reduced STXBP1 protein levels after
MAFA knockdown confirmed these transcriptional effects. In primary human islets,
partial knockdown of MAFA or MAFB similarly lowered STX/A4 expression and
showed trends toward impaired insulin secretion, although variability among donors
likely masked statistical significance.

We next assessed whether these pathways are altered in diabetes. In pancreatic
sections from donors with T2D, B-cells exhibited reduced MAFA, STXBP1, and
STX1A protein levels, whereas SYT7 was unchanged. MafA-deficient mouse islets
also showed reduced STXBP1 protein expression, supporting MAF-dependent
regulation. ChIP-seq data further demonstrated MAFB binding to regulatory regions
upstream of STXI/A4 and STXBPI (164), and previous human studies have linked
reduced levels of these proteins to impaired GSIS and granule docking (55).
Together, these findings highlight STX1A and STXBP1 as critical downstream
mediators of MAF-dependent exocytotic function.

To extend these findings, we examined whether naturally occurring genetic variants
in MAFA influence its own expression and that of downstream exocytosis genes.
e¢QTL analysis in 188 human islet donors identified a MAFA SNP (rs61731375)
where carriers of the alternate allele showed reduced MAFA transcript levels and a
suggestive association with T2D risk (165). Importantly, this variant was also
associated with lower expression of the exocytosis genes STXBPI, STXI1A, and
SYT7, mirroring the effects observed after MAFA knockdown. Given that STX1A
and STXBP1 are essential for insulin granule docking, these data further support
that individuals with genetically reduced MAFA expression may possess a
predisposed impairment in exocytosis. A summary of Paper I findings is illustrated
in Figure 4.
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Figure 4: Summary of the main findings from Paper I. Loss of MAFA and MAFB in
pancreatic B-cells leads to reduced expression of the exocytosis genes STXBP1 and STX1A,
two core components of the insulin-granule docking and fusion machinery. Their
downregulation impairs insulin exocytosis, contributing to defective insulin secretion and
increased susceptibility to T2D. Created with BioRender.com.

Key findings:

e MAFA and MAFB regulate many exocytosis-related genes in mouse and
human f-cells.

o  MAFA knockdown reduces insulin secretion (GSIS and K-SIS) and lowers
STX1A, STXBP1, and SYT7 expression.

o The MAFA SNP rs61731375 reduces MAFA and key exocytosis gene
expression, potentially impairing B-cell function and increasing T2D risk.
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Paper 11

MafB-dependent neurotransmitter signalling promotes  cell migration in the
developing pancreas

During pancreatic development, mouse islets arise through the budding of endocrine
progenitor cells from the pancreatic epithelium and the subsequent aggregation of
migrating endocrine cells. This process is orchestrated by a complex interplay of
signalling cues from the pancreatic mesenchyme, vasculature, and sympathetic
neurons, all of which promote endocrine differentiation and islet assembly (98, 166,
167). Adrenergic signals from sympathetic nerves have been shown to stimulate 3-
cell expansion and contribute to islet formation. Understanding how MafB regulates
pancreatic development provides key insight into the transcriptional and structural
mechanisms governing islet morphogenesis. MafB is expressed in a- and B-cell
progenitors and is required for the terminal differentiation of both cell types. Its loss
leads to an approximately 50% reduction in a- and B-cell mass at E18.5, despite the
presence of endocrine progenitors (133). MafB is also expressed in a subset of
Neurog3*endocrine progenitor cells, suggesting that MafB regulates early processes
of endocrine cell specification and differentiation prior to their terminal maturation.

Results and discussion:

Loss of MafB in developing endocrine cells disrupts islet and ductal
morphogenesis

We examined whether the loss of MafB affects pancreatic and islet morphology at
E18.5, a stage when islet structures are well established. In MafB~/~ pancreata, islet
cells failed to form the typical clusters observed in wild-type embryos and instead
remained closely associated with the ductal epithelium. In addition, ductal
morphology was altered, with fewer large ducts and an increased number of smaller
luminal structures, and these lumina contained fewer branching points (Figure 5).
Importantly, the number of branching points within the exocrine compartment did
not differ, suggesting that the observed defects are specific to endocrine-associated
ducts.

To determine whether these abnormalities occur earlier in development, we next
analysed pancreatic morphology at E12.5. At this stage, MafB~/ pancreatic anlagen
appeared indistinguishable from wild-type littermates, indicating that MafB is not
required for early pancreatic bud formation and that the observed defects arise later
in development.

These results were somewhat unexpected, as MafB expression is initially detected
in the endocrine lineage from E10.5 onward, with no reported expression in ductal
cells (131, 168). During pancreatic development, endocrine progenitors delaminate
from the epithelium to form the pancreatic islets, a process regulated by several
transcription factors (169). Notably, epithelial and ductal abnormalities similar to
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those observed here have been reported in Hnf1b, Neurog3, and ProxI knockout
models (170-172). Since ductal branching defects were only found in islet and
ductal regions near mutant islets, it is likely that the altered ductal organization in
MafB-/~ pancreata arises indirectly from impaired a- and B-cell migration or
epithelial exit, rather than from a direct effect on ductal cells. Thus, MafB appears
to coordinate endocrine differentiation and migration with proper ductal
morphogenesis, ensuring the structural integrity of the developing pancreatic
epithelium.

fewer large ducts

4 fewer branching points
b

islet cells closely associated with the ducts

Figure 5: Schematic illustration showing that loss of MafB disrupts islet organization and
pancreatic ductal morphology, resulting in fewer large ducts, reduced branching, and islet
cells remaining closely associated with the ducts. Created with BioRender.com.

MafB regulates neurotransmitter and axon guidance receptor genes required
for B-cell-nerve interactions

Next, we investigated how loss of MafB affects the transcriptional programs
governing -cell differentiation, focusing particularly on neurotransmitter and axon
guidance signalling pathways. We showed that MafB promotes the maturation of a-
and PB-progenitor cells into functional endocrine cells and supports proper islet
formation. In MafB7~/~ pancreata, expression of -cell maturation genes including
Insl, Ins2, Slc30a8, Slc2a2, Pcsk2, and G6pc2 were markedly downregulated, while
many cells retained an immature transcriptional profile and co-expressed a- and 3-
cell marker genes such as Pdx] and Arx. These findings demonstrate that loss of
MafB hinders the timely differentiation and maturation of endocrine cells, thereby
disrupting normal islet development. A comparable accumulation of immature
endocrine progenitor cells was also reported in B-like cells derived from MAFB-
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deficient human embryonic stem cells (173). However, in this in vitro model, MAFB
loss additionally led to an increased proportion of somatostatin-producing d-cells, a
phenotype not observed in the developing mouse pancreas. This difference may
reflect species-specific roles of MafB or differences between in vitro differentiation
systems and in vivo pancreatic development.

Beyond its role in endocrine differentiation, MafB also regulates the expression of
genes involved in neurotransmitter and axon guidance signalling, which are
essential for communication between developing f-cells and their
microenvironment. Loss of MafB resulted in a marked downregulation of several
neurotransmitter receptor genes (ChrnA3, ChrnA4, ChrnB4, P2ryl, Adra2a, MaoB)
as well as axon guidance receptors (Robol, Robo2, Nrpl, Nrp2, PlxnA3, PlxnA4).
These pathways are known to influence B-cell migration and islet morphogenesis,
suggesting that MafB not only promotes B-cell maturation but also coordinates
neuronal signalling mechanisms that guide islet formation.

Analysis of human fetal pancreas (7-14 PCW) revealed that MAFB*/PDX1*
endocrine progenitor cells co-express neurotransmitter and axon guidance genes
such as ADRA2A, CHRNB1, and ROBO1, with autonomic nerves positioned nearby,
indicating early nerve—islet interactions. These findings challenge earlier reports
suggesting that parasympathetic acetylcholine signalling contributes to B-cell
function only in rodents (92) and are supported by observations of nerve—islet
contacts in human fetal pancreas (174). Consistently, loss of MAFB in human B-like
cells reduced the expression of these genes, while MAFB levels in adult islets
correlated with neurotransmitter and axon guidance pathways. Moreover, eQTL
analyses linked variants in ADRA2A (175) and CHRNB4 (176) to altered gene
expression and T2D risk, suggesting that MAFB-dependent neuronal signalling
contributes to both islet development and B-cell function.

Finally, cell culture experiments demonstrated that inhibition of nicotinic receptor
activity in co-cultures of embryonic B-cells and autonomic ganglia impaired j3-cell
migration and clustering, demonstrating that acetylcholine signalling contributes to
islet innervation and organization (Figure 6). A similar effect was observed
following nicotine treatment, indicating that finely tuned, localized receptor
activation is required to provide directional cues for B-cell migration, whereas
uniform activation abolishes this guidance. These observations, together with
previous findings on B-adrenergic signalling (98), suggest that both adrenergic and
nicotinic pathways play complementary roles in regulating B-cell positioning and
islet morphogenesis. Such mechanisms likely involve intracellular calcium
signalling, as seen in other epithelial systems (177), and underscore the importance
of MafB-dependent regulation of neurotransmitter receptor expression in
coordinating neuronal cues during islet development.
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Figure 6: Schematic summary of the main findings from Paper II. (A) In wild-type B-cells,
MafB enhances the expression of neurotransmitter and axon-guidance receptor genes (e.g.,
ChrnA3, ChrnA4, ChrnB4, P2ryl), enabling nAchR-mediated signaling and promoting
directed B-cell migration toward autonomic nerves. (B) In MafB-deficient B-cells, these
receptor genes are markedly downregulated, resulting in impaired nAchR signaling and
reduced B-cell migration and clustering near autonomic nerves. (C) Pharmacological
inhibition of nAChR similarly disrupts acetylcholine-mediated signaling, leading to reduced
B-cell migration and impaired cluster formation, demonstrating that nAchR activity is
required for B-cell-nerve interactions during islet formation. Created with BioRender.com.
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Key findings:

e MafB is essential for islet and ductal morphogenesis during pancreatic
development.

e MafB is critical for proper lineage specification, promoting timely
commitment of progenitors to the a- and p-cell fates.

e MafB is required for the expression of multiple neurotransmitter and axon
guidance receptor genes in developing [ cells in both mouse and human.

e Inhibition of nicotinic receptor activity reduces B-cell migration toward
autonomic nerves and impairs B-cell clustering.

Paper III

Novel MAFB-Regulated Genes Contribute to the Genetic Architecture of T2D

Single-cell transcriptomic studies have mapped pancreatic development at high
resolution, defining major cell types and uncovering significant heterogeneity
within endocrine progenitor populations (149, 178, 179). These analyses have
shown that transcription factors can exert subtype-specific functions even among
closely related islet cells, highlighting the complexity of endocrine lineage
regulation. However, they don’t resolve the mechanistic basis by which individual
transcription factors coordinate progenitor cell progression and endocrine cell fate
decisions. MafB, expressed in both a- and p-cell precursors during early pancreatic
development, is a strong candidate regulator of these processes, yet its
transcriptional targets in endocrine progenitor cells remain incompletely defined.

Result and discussion:

Our first aim was to define the transcriptional dynamics underlying endocrine
lineage transitions. To address this, we performed single-cell RNA sequencing on
GFP" cells isolated from MafB-GFP knock-in embryos at embryonic days E13.5,
E14.5, and E15.5, while E15.5 wild-type embryos were included as controls.
Comparative analysis of wild-type, heterozygous, and MafB-deficient pancreata
revealed that MafB* cells were enriched within endocrine progenitor, a-, and -cell
clusters. In contrast, MafB-mutant cells accumulated in a transitional ‘pro-o/p’
progenitor cell population, a state rarely observed in wild-type E15.5 samples and
previously noted in MafB-deficient tissue using single-cell qPCR (180).
Transcriptomic profiling revealed extensive gene expression changes during the
transition from endocrine progenitors to pro-o/p progenitors, whereas relatively few
changes occurred during subsequent maturation into a- or B-cells. These findings
suggests that the pro-o/p cell state represents a late differentiation stage immediately
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before lineage commitment, consistent with earlier reports showing that early a- and
[-cells share a common transcriptional program (181).

To examine how MafB loss affects differentiation, we compared MafB* and MafB~
cells within each cluster. In both a- and B-cell populations, MafB~ cells showed
reduced expression of key identity genes (e.g., Slc30a8, Pcsk2, Geg, Insl, Syt4),
indicating that MafB reinforces transcriptional programs required for terminal
endocrine cell differentiation. Only minor differences were detected in late
endocrine progenitor cells.

The most pronounced transcriptional effects were observed in the Neurog3* early
endocrine progenitor cell cluster, where 143 genes (many of these genes encoded
transcription factors) were differentially expressed between MafB* and MafB~ cells.
Cross-species comparison using published scRNA-seq data from MAFB-deficient
human ES-derived B-like cells (173) showed that most of these transcription factors
were similarly dysregulated in human cells, suggesting a conserved role for MafB.
Furthermore, comparison with published gene regulatory networks revealed that
approximately 75% of these genes are likely direct MafB targets (181). Integration
with fetal human pancreas datasets further showed that key MafB-dependent
transcription factors including: AUTS2, ETV1, MEIS2, RUNXI1TI1, MLXIPL, and
TOX3 are expressed in human endocrine progenitor cells. While some factors such
as TOX3 and RUNXIT1 were enriched in early progenitor cells in both species,
ETV1 consistently marked pro-o lineage cells. In contrast, AUTS2 and MEIS2,
which align with a-cell differentiation in mice, were predominantly expressed in [3-
cell progenitor cells in humans, indicating conserved regulatory network with
species-specific deployment of individual factors.

Several MafB-regulated transcription factors have established roles in chromatin
remodeling, neuronal differentiation, and cell fate control, indicating that MafB
engages conserved regulatory mechanisms across tissues. For example, MEIS2
cooperates with PDX1 to enhance pancreatic gene expression and regulates PAX6
in other developmental contexts (147, 148). Our data further show that its expression
in Neurog3* progenitor cells depends on MafB and is reduced in T2D islets (182),
suggesting a role in endocrine cell maturation and adult B-cell function. Other
factors appear to link MafB to calcium-responsive transcriptional pathways. TOX3,
a Ca?"-regulated transcription factor that interacts with the CREB—CBP complex
(183) may couple MafB activity to Ca?**-dependent maturation signals. Consistent
with this model, AUTS2, a regulator of neuronal differentiation and PRC1-mediated
chromatin activation (137, 184), may act downstream of MAFB to initiate lineage-
specific transcriptional programs. ETV1 which contributes to cytoskeletal
organization and tissue morphogenesis (143), may similarly function at the interface
of transcriptional and structural aspects of endocrine cell differentiation. Together,
these findings suggest that MafB controls a network of transcription factors that
integrate chromatin regulation, Ca?*-dependent signaling, and cell organization,
linking developmental programs to pathways relevant for T2D susceptibility. An
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overview of the MafB-dependent transcriptional network regulating endocrine
progenitor progression and o/B-cell differentiation is shown in Figure 7.

Analysis of adult human islets further supports these connections. ETV1 and MEIS2
are expressed in mature endocrine cells, whereas AUTS2 shows transient expression
that is elevated in T2D islets. Genetic and islet eQTL analyses identified T2D-
associated variants in putative enhancer regions of ETV1 (downstream) and AUTS2
(intronic). The AUTS2 intronic regions containing T2D risk alleles, islet eQTLs,
and MAFB-binding sites were highly conserved among donors; sequencing an 800
bp fragment showed that the only difference in the sequence was the T2D-associated
SNP, implying functional importance. Reporter assays confirmed this, showing that
MAFA and MAFB differentially regulate enhancer activity between risk and
reference alleles in a pattern consistent with islet eQTL effects. These findings
demonstrate that AUTS2 and ETV1 regulatory regions are directly responsive to
islet transcription factors and that these noncoding variants disrupt transcriptional
regulation.

In conclusion, our data identify MafB as a key regulator of endocrine progenitor cell
specification and o/f-cell lincage commitment. Beyond its developmental role,
MafB coordinates a broader transcriptional network that links endocrine
differentiation to pathways implicated in T2D genetics. MafB-dependent factors
such as AUTS2, ETVI, and MEIS2 emerge as critical nodes connecting
developmental transcriptional programs with adult B-cell function and disease
vulnerability. Future work using human ES-cell-derived models will be important
to delineate how disruption of this MAFB-centred regulatory network contributes
to defective islet formation and B-cell dysfunction in diabetes.
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Figure 7: Overview of the main findings from Paper II1. Left: With MafB, early Neurog3*
progenitors upregulate Auts2, Etvl, and Meis2 progress to late endocrine progenitor cells,
and differentiate into o- and P-cells. Right: Loss of MafB reduces expression of these
transcription factors, causing accumulation of late endocrine progenitor cells and impaired
a- and B-cell differentiation. Created with BioRender.com.

Key findings:

Loss of MafB results in the accumulation of late endocrine progenitor cells
e MafB expression is required in early endocrine progenitor cells
MAFB participates in a transcriptional network regulating human endocrine
cell development
e AUTS2 and ETV1 harbour T2D risk alleles and regulate enhancer activity
in a MAF-dependent manner.
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Concluding Remarks

This thesis provides new insights into the role of the MAFB transcription factor in
pancreatic islet development and function. By combining studies on insulin
exocytosis, neural signaling, and transcriptional regulation of endocrine progenitor
cell differentiation the work highlights the diverse and stage-specific contributions
of MAFB to endocrine biology.

The first study demonstrates that MAFA and MAFB jointly regulate genes essential
for insulin granule exocytosis, linking their dysfunction to impaired -cell secretion
and T2D. The second study reveals that MafB deficiency impairs B-cell clustering
and islet formation, coinciding with the loss of neurotransmitter and axon guidance
receptor gene expression, thereby uncovering an unexpected role for MAFB in
coordinating neural signaling events required for islet morphogenesis. The third
study identifies MAFB target genes in endocrine progenitors, advancing our
understanding of how this factor shapes early lineage specification and gene
regulatory networks.

Together, these findings establish MAFB as a key regulator across multiple stages
of islet biology from progenitor cell specification to islet morphogenesis and -cell
functional maturation. They also suggest that MAFB dysfunction may contribute to
diabetes through both developmental and functional mechanisms. Importantly, a
thorough understanding of the molecular mechanisms that regulate islet
development will be essential to recreate islet architecture in vitro and to generate
fully functional islets for transplantation, and the knowledge gained from this thesis
contributes toward that long-term goal.
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General Discussion and Future
Perspectives

The findings presented in this thesis provide new insight into how MAFB
transcription factors regulate B-cell function, islet morphogenesis, and endocrine
cell lineage specification. Although MAF transcription factors have long been
associated with B-cell maturation, the work in this thesis reveals that their roles
extend across multiple developmental stages and biological processes. Together, the
three papers demonstrate that MAFB is not only essential for insulin secretion but
also plays key roles during pancreatic development, including 3-cell migration and
the transcriptional control of endocrine progenitor cells. By integrating mouse
models, human islet datasets, and comparative datasets from stem-cell-derived [3-
like cells, this work connects developmental biology with genetic mechanisms
relevant to T2D.

Paper I introduce an important conceptual advance by identifying a conserved set
of MAFA and MAFB regulated exocytosis genes in human and mouse 3-cells. Prior
studies linked MAFA to mature -cell identity, but its direct downstream targets
involved in insulin granule docking and fusion had not been systematically
characterized. The findings show that MAFA and MAFB regulate core components
of the exocytotic machinery, linking reduced MAF expression which was observed
in B-cells from individuals with T2D to impaired insulin secretion. The discovery
of a MAFA genetic variant associated with lower expression of exocytosis genes
suggests a mechanism by which genetic variation may predispose individuals to
defective insulin secretion and increased diabetes risk.

Paper II uncovers a previously unrecognized developmental function of MafB by
demonstrating that B-cell migration and islet formation rely on neurotransmitter and
axon guidance receptor pathways that are MafB-dependent. Although MafB was
known to influence a- and B-cell differentiation, its role in coordinating neural-
derived signals that guide islet morphogenesis had not been explored. This study
shows that MafB deficiency disrupts nerve-dependent signaling pathways and
impairs p-cell clustering, revealing that endocrine progenitor cells rely on
autonomic cues to assemble into structured islets. In addition, the findings from
Paper I indicate that MafB also affects -cell-associated ductal morphogenesis, as
loss of MafB results in fewer large ducts and reduced branching specifically in
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regions where endocrine cells fail to delaminate from the epithelium. This suggests
that proper B-cell migration is necessary to maintain normal ductal structure.

A key novel aspect of this thesis emerges from Paper 111, where we uncover a set of
previously uncharacterized MAFB-dependent genes in endocrine progenitor cells,
with AUTS2 and ETV1 representing the most prominent examples. The integration
of transcriptional profiling, cross-species comparison, and genetic association
analyses demonstrates that these MAFB-regulated factors coincide with T2D-
associated risk loci, thereby establishing a mechanistic link between early
developmental gene networks and later-life diabetes susceptibility. This finding
significantly extends the current understanding of endocrine lineage commitment
and identifies new molecular pathways for future investigation.

The results presented here collectively deepen our understanding of how
transcription factors integrate developmental programs with functional outcomes in
B-cells, but they also raise important questions for future research. An important
next step will be to delineate the complete MAFA- and MAFB-dependent gene
regulatory networks in human PB-cells. Genome-wide binding assays such as
CUT&RUN or ChlP-seq, integrated with single-cell transcriptomic would help
establish whether STX1A and STXBP1 are part of broader MAF-dependent
networks essential for vesicle docking and fusion. To establish causality, MAFA
and/or MAFB could be repressed in human p-cell models (EndoC-BH1 and primary
islets) followed by re-expression of STX1A and/or STXBPI1. If restoring these
effectors normalizes glucose- and KCl-stimulated insulin secretion, this would
demonstrate that STX1A and STXBP1 are critical downstream effectors linking
MAFA/MAFB activity to insulin exocytosis. Complementary loss of function
experiments targeting STX1A and STXBP1, combined with rescue using siRNA-
resistant constructs or enCRISPRa, would further confirm pathway specificity and
clarify the relative contributions of each gene.

The findings in Paper II also open new directions regarding how neuronal cues
regulate islet morphogenesis. Identifying which receptor subunits are most critical,
and imaging how P-cells respond to acetylcholine in real time, could provide
important mechanistic insight. Moving these studies into human stem cell-derived
islets combined with neuronal co-culture systems will be particularly valuable, as it
will establish whether these pathways are conserved in humans. Such approaches
could ultimately be applied to improve stem cell differentiation protocols so that in
vitro—derived islets develop an architecture that more closely resembles their in vivo
counterparts.

Paper III focuses on the early stages of endocrine lineage specification. This work
validates MAFB target genes in endocrine progenitor cells, particularly those
overlapping with T2D risk loci. CRISPR-based editing of these genomic regions in
stem cell lines, followed by differentiation into a- and B-cells, will provide a direct
way to test whether genetic variation influences endocrine lineage allocation
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through MAFB. Complementary studies in human pancreatic tissue from risk allele
carriers, combined with analysis of large donor transcriptomic datasets, can connect
these mechanistic insights to human physiology and disease.

Beyond the direct extensions of this work, broader questions remain. Are the neural
signalling roles of MAFB specific to the pancreas, or do they reflect a more general
developmental mechanism? Comparative studies across species, alongside
advanced human stem cell-derived models, will be important to address these
questions.

Finally, this work carries important translational implications. A thorough
understanding of the molecular mechanisms that regulate islet development and
maturation will be crucial to optimize the generation of functional B-cells from stem
cells. By integrating MAFB-dependent transcriptional networks and neuronal
signalling pathways into differentiation protocols, it may become possible to
engineer islets that replicate native architecture and function. In the long term, such
advances could help bring cell replacement therapies for diabetes closer to reality.

61



62



Acknowledgements

First and foremost, I thank God for His endless mercy, guidance, and blessings
throughout this journey. Every step of this PhD, every challenge, every moment of
doubt, and every small victory was only possible through His grace. I am deeply
grateful for the strength, patience, and clarity He has given me, and for surrounding
me with the people who helped me reach this milestone.

I want to express my deepest gratitude to my supervisor, Isabella Artner. I joined
your group in 2018 as a master’s student, not knowing how profoundly this
experience would shape both my scientific journey and personal growth. Thank you
for believing in me and for giving me the opportunity to continue as a PhD student
in your lab. Your guidance, mentorship, and continuous support have encouraged
me throughout every step of my academic path. I am deeply grateful for the trust
you placed in me, the knowledge you shared, and the inspiration that will stay with
me beyond this thesis.

I would also like to thank my co-supervisor, Lena Eliasson, for being part of my
supervisory team and for her work as Vice Coordinator of EXODIAB/LUDC, which
contributed to the research environment in which this thesis was carried out.

Ludivine, thank you for your support, guidance, and for being such a meaningful
part of my time in the lab. I truly appreciate the help, the discussions, and all the
conversations we shared. I am grateful for the four years we spent together; they
will always remain an important and memorable part of my journey.

Emanuela Monni, I am sincerely grateful for your continuous help and support
while working on the neurotransmitter paper. I truly appreciated how available you
always were when I needed assistance. Working with you was a valuable and
positive experience, and 1 am thankful for everything I learned through our
collaboration.

Tania Singh, thank you for being such an important part of my early steps in the
lab. As my co-supervisor during my master’s thesis, you encouraged me in ways
that truly stayed with me. Your positive energy, kindness, and the confidence you
gave me meant more than you know.

Kavya, thank you for everything you taught me in the lab and for the support you
always offered when we worked together. I also treasure the conversations we
shared about our children and our lives.

63



Rodrigo, thank you for the good collaboration we shared and for the conversations
we had along the way.

Ruby and Thanya, thank you for being part of the group and for the moments we
shared in the lab and during our lunch breaks.

To Bilal Mir, thank you for your endless support and for always being there when
I needed help or advice. To Mohammad Barghouth, I truly appreciated your
encouragement and support during the writing of my thesis, it came at a moment
when [ needed it most. To Jones Ofori, thank you for being such a great office mate
and for bringing good vibes to our shared space. And to Felipe Muiioz, thank you
for your kindness and for the good conversations we shared; they added warmth and
comfort to my days at the center.

To Sebastian Kalamajski, thank you for your advice during the times I was
struggling with cloning, and for all the jokes that made those moments lighter and
easier to get through. Karl Bacos, thank you for being such a supportive half-time
opponent and for your valuable feedback. Sabrina Ruhrmann, thank you for your
help with the EndoC cells and for always being willing to assist when needed.
Johanna Sill, thank you for your kindness and for your help with my CUT&RUN
experiments. Charlotte Ling, thank you for your kind and supportive words during
the writing of my thesis. Your encouragement came at the right moment and meant
a great deal to me. Sevda Gheibi, thank you for taking the time to evaluate my work
at my half-time and for your valuable perspective.

Alice Maguolo, thank you for being a wonderful officemate and friend. I am
grateful for the good times we shared and for your steady support during the difficult
moments. You were always there when [ needed someone, and that meant more than
you know. Filiz Serifler, thank you for your kindness and our conversations. Sweta
Raikundalia, thank you for the discussions that always lifted my day.

Lubna, thank you for believing in me when I doubted myself about continuing the
PhD. Your encouragement in that moment gave me the strength to move forward,
and I am equally grateful for your friendship throughout this journey. Dania, thank
you for being a dear friend and for always encouraging me. Your kindness and
support meant more to me than I can say. [ wish you all the best in your PhD journey.
May, I truly thank God for you. From the very first day of our master’s program,
you have been a true blessing in my life. Your kindness and support meant more
than I can say.

Samia and Mariam, thank you for being such a beautiful and irreplaceable part of
my life. Working side by side, sharing our lunch breaks, and having countless
conversations about everything, our work, worries, dreams, and personal lives,
created a bond I deeply cherish. You were always there for me during my hardest
days and stood by me through every struggle. On the days you’re not there, I truly

64



feel the emptiness. You are far more than colleagues to me; you are true friends
whose presence, kindness, and unwavering support have carried me through so
much. [ am deeply grateful to both of you.

To my parents, Nawal and Omar, there are no words that can truly capture what
your love and sacrifices have meant to me. This achievement is as much yours as it
is mine. Thank you, Mama, for your endless love, your patience, your prayers and
dua, and for carrying me through every stage of my life with strength and tenderness.
And thank you, Baba, for believing in me long before I believed in myself, for your
constant encouragement, for insisting every summer we met that I should begin my
PhD, and for supporting my education from the very beginning. Everything I am,
and everything I have accomplished, is rooted in the foundation you gave me. [ am
forever grateful for you both.

To my dear siblings, Sanabel, Ahd, Arzaq, Alaa, Mustafa and Mohammad,
thank you for your love, your encouragement, and the warmth you bring into my
life, even across the distances between us. Your support means more to me than
words can express.

To my beloved cousins, Suher, Salwa, Lubna, Laila, Ayah, and Asma, and my
aunt Nimat, who have been my second family while I was far from home, thank
you for your constant love, care, and presence in my life.

To my husband, Jafar, thank you for standing by my side through every challenge
of this PhD journey. Your love, patience, and unwavering support gave me strength
when I needed it most. I am deeply grateful for everything you have done; this
achievement is ours.

To my beloved kids, Adam and Omar, you are the light of my life and the reason
I found the strength to keep going. Thank you for your patience when I had to work,
and for giving my life a meaning deeper than any achievement. This
accomplishment is for you, and because of you.

65



References

1. World Health Organization. Diabetes - Fact Sheet 2024 [cited 2025 2025/02/10].
Available from: https://www.who.int/news-room/fact-sheets/detail/diabetes.

2. Yang JJ, Yu D, Wen W, Saito E, Rahman S, Shu XO, et al. Association of
Diabetes With All-Cause and Cause-Specific Mortality in Asia: A Pooled Analysis
of More Than 1 Million Participants. JAMA Netw Open. 2019;2(4):¢192696.

3. Ferdaus J, Rochy EA, Biswas U, Tiang JJ, Nahid AA. Analyzing Diabetes
Detection and Classification: A Bibliometric Review (2000-2023). Sensors (Basel).
2024;24(16).

4. Shojima N, Yamauchi T. Progress in genetics of type 2 diabetes and diabetic
complications. J Diabetes Investig. 2023;14(4):503-15.

5. Lin X, Xu Y, Pan X, Xu J, Ding Y, Sun X, et al. Global, regional, and national
burden and trend of diabetes in 195 countries and territories: an analysis from 1990
to 2025. Sci Rep. 2020;10(1):14790.

6. Farmaki P, Damaskos C, Garmpis N, Garmpi A, Savvanis S, Diamantis E.
Complications of the Type 2 Diabetes Mellitus. Curr Cardiol Rev. 2020;16(4):249-
51.

7. Association AD. Understanding Diabetes Diagnosis 2025 [cited 2025 04-09].
Available from: https://diabetes.org/about-diabetes/diagnosis.

8. Cloete L. Diabetes mellitus: an overview of the types, symptoms, complications
and management. Nurs Stand. 2022;37(1):61-6.

9. ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, et
al. 2. Classification and Diagnosis of Diabetes: Standards of Care in Diabetes-2023.
Diabetes Care. 2023;46(Suppl 1):S19-s40.

10.Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet.
2014;383(9911):69-82.

11.Bluestone JA, Herold K, Eisenbarth G. Genetics, pathogenesis and clinical
interventions in type 1 diabetes. Nature. 2010;464(7293):1293-300.

12.Miao D, Yu L, Eisenbarth GS. Role of autoantibodies in type 1 diabetes. Front
Biosci. 2007;12:1889-98.

13.Triolo TM, Bellin MD. Lessons from Human Islet Transplantation Inform Stem
Cell-Based Approaches in the Treatment of Diabetes. Front Endocrinol (Lausanne).
2021;12:636824.

14.Rickels MR, Robertson RP. Pancreatic Islet Transplantation in Humans: Recent
Progress and Future Directions. Endocr Rev. 2019;40(2):631-68.

66


https://www.who.int/news-room/fact-sheets/detail/diabetes
https://diabetes.org/about-diabetes/diagnosis

15.Crawford AL, Laiteerapong N. Type 2 Diabetes. Ann Intern Med.
2024;177(6):1tc81-itc96.

16.Lebovitz HE. Insulin resistance: definition and consequences. Exp Clin
Endocrinol Diabetes. 2001;109 Suppl 2:S135-48.

17.DeFronzo RA. Pathogenesis of type 2 diabetes mellitus. Med Clin North Am.
2004;88(4):787-835, ix.

18.Del Prato S, Tiengo A. The importance of first-phase insulin secretion:
implications for the therapy of type 2 diabetes mellitus. Diabetes Metab Res Rev.
2001;17(3):164-74.

19.Zhao X, An X, Yang C, Sun W, Ji H, Lian F. The crucial role and mechanism of
insulin resistance in metabolic disease. Front Endocrinol (Lausanne).
2023;14:1149239.

20.DeFronzo RA, Ferrannini E, Groop L, Henry RR, Herman WH, Holst JJ, et al.
Type 2 diabetes mellitus. Nat Rev Dis Primers. 2015;1:15019.

21.Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature. 2006;444(7121):840-6.

22.Chang AM, Halter JB. Aging and insulin secretion. Am J Physiol Endocrinol
Metab. 2003;284(1):E7-12.

23.Ling C, Ronn T. Epigenetics in Human Obesity and Type 2 Diabetes. Cell
Metab. 2019;29(5):1028-44.

24.Laakso M, Fernandes Silva L. Genetics of Type 2 Diabetes: Past, Present, and
Future. Nutrients. 2022;14(15).

25.Ahlqvist E, Prasad RB, Groop L. Subtypes of Type 2 Diabetes Determined From
Clinical Parameters. Diabetes. 2020;69(10):2086-93.

26.Asplund O, Thangam M, Prasad RB, Lejonberg C, Ekstrom O, Hakaste L, et al.
Comorbidities and mortality in subgroups of adults with diabetes with up to 14 years
follow-up: a prospective cohort study in Sweden. Lancet Diabetes Endocrinol.
2026;14(1):29-40.

27.Leung PS. Overview of the pancreas. Adv Exp Med Biol. 2010;690:3-12.
28.Mehta V, Hopson PE, Smadi Y, Patel SB, Horvath K, Mehta DI. Development
of the human pancreas and its exocrine function. Front Pediatr. 2022;10:909648.
29.Saito K, Iwama N, Takahashi T. Morphometrical analysis on topographical
difference in size distribution, number and volume of islets in the human pancreas.
Tohoku J Exp Med. 1978;124(2):177-86.

30.El-Gohary Y, Sims-Lucas S, Lath N, Tulachan S, Guo P, Xiao X, et al. Three-
dimensional analysis of the islet vasculature. Anat Rec (Hoboken).
2012;295(9):1473-81.

31.Dolensek J, Rupnik MS, Stozer A. Structural similarities and differences
between the human and the mouse pancreas. Islets. 2015;7(1):€1024405.

32.Da Silva Xavier G. The Cells of the Islets of Langerhans. J Clin Med. 2018;7(3).
33.Steiner DJ, Kim A, Miller K, Hara M. Pancreatic islet plasticity: interspecies
comparison of islet architecture and composition. Islets. 2010;2(3):135-45.

34 Félix-Martinez GJ, Godinez-Fernandez JR. Comparative analysis of
reconstructed architectures from mice and human islets. Islets. 2022;14(1):23-35.

67



35.Meloni AR, DeYoung MB, Lowe C, Parkes DG. GLP-1 receptor activated
insulin secretion from pancreatic B-cells: mechanism and glucose dependence.
Diabetes Obes Metab. 2013;15(1):15-27.

36.Zhang Y, Parajuli KR, Fava GE, Gupta R, Xu W, Nguyen LU, et al. GLP-1
Receptor in Pancreatic a-Cells Regulates Glucagon Secretion in a Glucose-
Dependent Bidirectional Manner. Diabetes. 2019;68(1):34-44.

37.Gautam D, Han SJ, Duttaroy A, Mears D, Hamdan FF, Li JH, et al. Role of the
M3 muscarinic acetylcholine receptor in beta-cell function and glucose
homeostasis. Diabetes Obes Metab. 2007;9 Suppl 2:158-69.

38.Evans RM, Wei Z. Interorgan crosstalk in pancreatic islet function and
pathology. FEBS Lett. 2022;596(5):607-19.

39.Pénicaud L. Autonomic nervous system and pancreatic islet blood flow.
Biochimie. 2017;143:29-32.

40.Proud CG. Regulation of protein synthesis by insulin. Biochem Soc Trans.
2006;34(Pt 2):213-6.

41.Vasiljevi¢ J, Torkko JM, Knoch KP, Solimena M. The making of insulin in
health and disease. Diabetologia. 2020;63(10):1981-9.

42.De Meyts P. Insulin and its receptor: structure, function and evolution.
Bioessays. 2004;26(12):1351-62.

43.Boyer CK, Bauchle CJ, Zhang J, Wang Y, Stephens SB. Synchronized proinsulin
trafficking reveals delayed Golgi export accompanies B-cell secretory dysfunction
in rodent models of hyperglycemia. Sci Rep. 2023;13(1):5218.

44 Miiller A, Neukam M, Ivanova A, Sonmez A, Miinster C, Kretschmar S, et al. A
Global Approach for Quantitative Super Resolution and Electron Microscopy on
Cryo and Epoxy Sections Using Self-labeling Protein Tags. Sci Rep. 2017;7(1):23.
45.Roep BO. There Is Something About Insulin Granules. Diabetes.
2020;69(12):2575-17.

46.Rohli KE, Boyer CK, Blom SE, Stephens SB. Nutrient Regulation of Pancreatic
Islet B-Cell Secretory Capacity and Insulin Production. Biomolecules. 2022;12(2).
47.Sun B, Chen H, Xue J, Li P, Fu X. The role of GLUT2 in glucose metabolism in
multiple organs and tissues. Mol Biol Rep. 2023;50(8):6963-74.

48.Fridlyand LE, Philipson LH. Glucose sensing in the pancreatic beta cell: a
computational systems analysis. Theor Biol Med Model. 2010;7:15.
49.0mar-Hmeadi M, Idevall-Hagren O. Insulin granule biogenesis and exocytosis.
Cell Mol Life Sci. 2021;78(5):1957-70.

50.Hou JC, Min L, Pessin JE. Insulin granule biogenesis, trafficking and exocytosis.
Vitam Horm. 2009;80:473-506.

51.Fang Q, Zhao Y, An D, Lindau M. SNARE complex assembly and disassembly
dynamics in response to Ca(2+) current activation in live cells. Biophys J.
2025;124(11):1867-717.

52.Zhang W, Efanov A, Yang SN, Fried G, Kolare S, Brown H, et al. Munc-18
associates with syntaxin and serves as a negative regulator of exocytosis in the
pancreatic beta -cell. J Biol Chem. 2000;275(52):41521-7.

68



53.Lai Y, Choi UB, Leitz J, Rhee HJ, Lee C, Altas B, et al. Molecular Mechanisms
of Synaptic Vesicle Priming by Munc13 and Muncl18. Neuron. 2017;95(3):591-
607.e10.

54.0stenson CG, Gaisano H, Sheu L, Tibell A, Bartfai T. Impaired gene and protein
expression of exocytotic soluble N-ethylmaleimide attachment protein receptor
complex proteins in pancreatic islets of type 2 diabetic patients. Diabetes.
2006;55(2):435-40.

55.Andersson SA, Olsson AH, Esguerra JL, Heimann E, Ladenvall C, Edlund A, et
al. Reduced insulin secretion correlates with decreased expression of exocytotic
genes in pancreatic islets from patients with type 2 diabetes. Mol Cell Endocrinol.
2012;364(1-2):36-45.

56.0h E, Stull ND, Mirmira RG, Thurmond DC. Syntaxin 4 up-regulation increases
efficiency of insulin release in pancreatic islets from humans with and without type
2 diabetes mellitus. J Clin Endocrinol Metab. 2014;99(5):E866-70.

57.Jennings RE, Berry AA, Kirkwood-Wilson R, Roberts NA, Hearn T, Salisbury
RJ, et al. Development of the human pancreas from foregut to endocrine
commitment. Diabetes. 2013;62(10):3514-22.

58.Fujitani Y, Fujitani S, Boyer DF, Gannon M, Kawaguchi Y, Ray M, et al.
Targeted deletion of a cis-regulatory region reveals differential gene dosage
requirements for Pdx1 in foregut organ differentiation and pancreas formation.
Genes Dev. 2006;20(2):253-66.

59.0ffield MF, Jetton TL, Labosky PA, Ray M, Stein RW, Magnuson MA, et al.
PDX-1 is required for pancreatic outgrowth and differentiation of the rostral
duodenum. Development. 1996;122(3):983-95.

60.Forero-Castro N, Ramirez LC, Celis JC, Silva Henao FA, Leal Valencia F.
Clinical and molecular description of two cases of neonatal diabetes secondary to
mutations in PDX1. Endocrinol Diabetes Metab Case Rep. 2023;2023(3).

61.Zhou Q, Law AC, Rajagopal J, Anderson WJ, Gray PA, Melton DA. A
multipotent progenitor domain guides pancreatic organogenesis. Dev Cell.
2007;13(1):103-14.

62.Shih HP, Kopp JL, Sandhu M, Dubois CL, Seymour PA, Grapin-Botton A, et al.
A Notch-dependent molecular circuitry initiates pancreatic endocrine and ductal cell
differentiation. Development. 2012;139(14):2488-99.

63.Kim YH, Larsen HL, Rué P, Lemaire LA, Ferrer J, Grapin-Botton A. Cell cycle-
dependent differentiation dynamics balances growth and endocrine differentiation
in the pancreas. PLoS Biol. 2015;13(3):e1002111.

64.Ninov N, Borius M, Stainier DY. Different levels of Notch signaling regulate
quiescence, renewal and differentiation in pancreatic endocrine progenitors.
Development. 2012;139(9):1557-67.

65.Li XY, Zhai W], Teng CB. Notch Signaling in Pancreatic Development. Int J
Mol Sci. 2015;17(1).

66.Schwitzgebel VM, Scheel DW, Conners JR, Kalamaras J, Lee JE, Anderson DJ,
et al. Expression of neurogenin3 reveals an islet cell precursor population in the
pancreas. Development. 2000;127(16):3533-42.

69



67.Grapin-Botton A, Seymour PA, Gradwohl G. Pairing-up SOX to kick-start beta
cell genesis. Diabetologia. 2015;58(5):859-61.

68.Collombat P, Hecksher-Sgrensen J, Broccoli V, Krull J, Ponte I, Mundiger T, et
al. The simultaneous loss of Arx and Pax4 genes promotes a somatostatin-producing
cell fate specification at the expense of the alpha- and beta-cell lineages in the mouse
endocrine pancreas. Development. 2005;132(13):2969-80.

69.Sosa-Pineda B, Chowdhury K, Torres M, Oliver G, Gruss P. The Pax4 gene is
essential for differentiation of insulin-producing beta cells in the mammalian
pancreas. Nature. 1997;386(6623):399-402.

70.Shimajiri Y, Sanke T, Furuta H, Hanabusa T, Nakagawa T, Fujitani Y, et al. A
missense mutation of Pax4 gene (R121W) is associated with type 2 diabetes in
Japanese. Diabetes. 2001;50(12):2864-9.

71.Collombat P, Mansouri A, Hecksher-Sorensen J, Serup P, Krull J, Gradwohl G,
et al. Opposing actions of Arx and Pax4 in endocrine pancreas development. Genes
Dev. 2003;17(20):2591-603.

72.Sharon N, Chawla R, Mueller J, Vanderhooft J, Whitehorn LJ, Rosenthal B, et
al. A Peninsular Structure Coordinates Asynchronous Differentiation with
Morphogenesis to Generate Pancreatic Islets. Cell. 2019;176(4):790-804.e13.
73.Conrad E, Stein R, Hunter CS. Revealing transcription factors during human
pancreatic 3 cell development. Trends Endocrinol Metab. 2014;25(8):407-14.
74.Herrera PL. Adult insulin- and glucagon-producing cells differentiate from two
independent cell lineages. Development. 2000;127(11):2317-22.

75.Honoré C, Rescan C, Hald J, McGrath PS, Petersen MB, Hansson M, et al.
Revisiting the immunocytochemical detection of Neurogenin 3 expression in mouse
and man. Diabetes Obes Metab. 2016;18 Suppl 1:10-22.

76.Jennings RE, Berry AA, Strutt JP, Gerrard DT, Hanley NA. Human pancreas
development. Development. 2015;142(18):3126-37.

77.Gradwohl G, Dierich A, LeMeur M, Guillemot F. neurogenin3 is required for
the development of the four endocrine cell lineages of the pancreas. Proc Natl Acad
Sci U S A. 2000;97(4):1607-11.

78.Zhu Y, Liu Q, Zhou Z, Ikeda Y. PDX1, Neurogenin-3, and MAFA: critical
transcription regulators for beta cell development and regeneration. Stem Cell Res
Ther. 2017;8(1):240.

79.Pinney SE, Oliver-Krasinski J, Ernst L, Hughes N, Patel P, Stoffers DA, et al.
Neonatal diabetes and congenital malabsorptive diarrhea attributable to a novel
mutation in the human neurogenin-3 gene coding sequence. J Clin Endocrinol
Metab. 2011;96(7):1960-5.

80.Rubio-Cabezas O, Jensen JN, Hodgson MI, Codner E, Ellard S, Serup P, et al.
Permanent Neonatal Diabetes and Enteric Anendocrinosis Associated With
Biallelic Mutations in NEUROGS3. Diabetes. 2011;60(4):1349-53.

81.Zhu Z, Li QV, Lee K, Rosen BP, Gonzalez F, Soh CL, et al. Genome Editing of
Lineage Determinants in Human Pluripotent Stem Cells Reveals Mechanisms of
Pancreatic Development and Diabetes. Cell Stem Cell. 2016;18(6):755-68.
82.Woods SC, Porte D, Jr. Neural control of the endocrine pancreas. Physiol Rev.
1974;54(3):596-619.

70



83.Gilon P, Henquin JC. Mechanisms and physiological significance of the
cholinergic control of pancreatic beta-cell function. Endocr Rev. 2001;22(5):565-
604.

84.Di Cairano ES, Moretti S, Marciani P, Sacchi VF, Castagna M, Davalli A, et al.
Neurotransmitters and Neuropeptides: New Players in the Control of Islet of
Langerhans' Cell Mass and Function. J Cell Physiol. 2016;231(4):756-67.
85.Kohnert KD, Axcrona UM, Hehmke B, Kléting I, Sundler F, Ahrén B. Islet
neuronal abnormalities associated with impaired insulin secretion in type 2 diabetes
in the Chinese hamster. Regul Pept. 1999;82(1-3):71-9.

86.Garcia Barrado MJ, Iglesias Osma MC, Blanco EJ, Carretero Hernandez M,
Sanchez Robledo V, Catalano Iniesta L, et al. Dopamine modulates insulin release
and is involved in the survival of rat pancreatic beta cells. PLoS One.
2015;10(4):e0123197.

87.Menegaz D, Hagan DW, Almaga J, Cianciaruso C, Rodriguez-Diaz R, Molina J,
et al. Mechanism and effects of pulsatile GABA secretion from cytosolic pools in
the human beta cell. Nat Metab. 2019;1(11):1110-26.

88.Reinert RB, Cai Q, Hong JY, Plank JL, Aamodt K, Prasad N, et al. Vascular
endothelial growth factor coordinates islet innervation via vascular scaffolding.
Development. 2014;141(7):1480-91.

89.Li W, Yu G, Liu Y, Sha L. Intrapancreatic Ganglia and Neural Regulation of
Pancreatic Endocrine Secretion. Front Neurosci. 2019;13:21.

90.Alvarsson A, Jimenez-Gonzalez M, Li R, Rosselot C, Tzavaras N, Wu Z, et al.
A 3D atlas of the dynamic and regional variation of pancreatic innervation in
diabetes. Sci Adv. 2020;6(41).

91.Sha L, Westerlund J, Szurszewski JH, Bergsten P. Amplitude modulation of
pulsatile insulin secretion by intrapancreatic ganglion neurons. Diabetes.
2001;50(1):51-5.

92.Rodriguez-Diaz R, Abdulreda MH, Formoso AL, Gans I, Ricordi C, Berggren
PO, et al. Innervation patterns of autonomic axons in the human endocrine pancreas.
Cell Metab. 2011;14(1):45-54.

93.Taborsky GJ, Jr. Islets have a lot of nerve! Or do they? Cell Metab. 2011;14(1):5-
6.

94 .Burris RE, Hebrok M. Pancreatic innervation in mouse development and beta-
cell regeneration. Neuroscience. 2007;150(3):592-602.

95.Gilliam LK, Palmer JP, Taborsky GJ, Jr. Tyramine-mediated activation of
sympathetic nerves inhibits insulin secretion in humans. J Clin Endocrinol Metab.
2007;92(10):4035-8.

96.Adeghate E, Ponery AS, Pallot DJ, Singh J. Distribution of neurotransmitters
and their effects on glucagon secretion from the in vitro normal and diabetic
pancreatic tissues. Tissue Cell. 2000;32(3):266-74.

97 Krivova YS, Proshchina AE, Otlyga DA, Leonova OG, Saveliev SV. Prenatal
development of sympathetic innervation of the human pancreas. Ann Anat.
2022;240:151880.

71



98.Borden P, Houtz J, Leach SD, Kuruvilla R. Sympathetic innervation during
development is necessary for pancreatic islet architecture and functional maturation.
Cell Rep. 2013;4(2):287-301.

99.Vazquez P, Robles AM, de Pablo F, Hernandez-Sanchez C. Non-neural tyrosine
hydroxylase, via modulation of endocrine pancreatic precursors, is required for
normal development of beta cells in the mouse pancreas. Diabetologia.
2014;57(11):2339-47.

100. Rodriguez-Diaz R, Caicedo A. Neural control of the endocrine pancreas. Best
Pract Res Clin Endocrinol Metab. 2014;28(5):745-56.

101. Campbell-Thompson M, Butterworth EA, Boatwright JL, Nair MA, Nasif
LH, Nasif K, et al. Islet sympathetic innervation and islet neuropathology in patients
with type 1 diabetes. Sci Rep. 2021;11(1):6562.

102. Mei Q, Mundinger TO, Lernmark A, Taborsky GJ, Jr. Early, selective, and
marked loss of sympathetic nerves from the islets of BioBreeder diabetic rats.
Diabetes. 2002;51(10):2997-3002.

103. Mundinger TO, Mei Q, Foulis AK, Fligner CL, Hull RL, Taborsky GJ, Jr.
Human Type 1 Diabetes Is Characterized by an Early, Marked, Sustained, and Islet-
Selective Loss of Sympathetic Nerves. Diabetes. 2016;65(8):2322-30.

104. Lkhagvasuren B, Mee-Inta O, Zhao ZW, Hiramoto T, Boldbaatar D, Kuo
YM. Pancreas-Brain Crosstalk. Front Neuroanat. 2021;15:691777.

105. Hampton RF, Jimenez-Gonzalez M, Stanley SA. Unravelling innervation of
pancreatic islets. Diabetologia. 2022;65(7):1069-84.

106. Mussa BM, Verberne AJ. Activation of the dorsal vagal nucleus increases
pancreatic exocrine secretion in the rat. Neurosci Lett. 2008;433(1):71-6.

107. Mussa BM, Sartor DM, Rantzau C, Verberne AJ. Effects of nitric oxide
synthase blockade on dorsal vagal stimulation-induced pancreatic insulin secretion.
Brain Res. 2011;1394:62-70.

108. Berthoud HR, Powley TL. Identification of vagal preganglionics that mediate
cephalic phase insulin response. Am J Physiol. 1990;258(2 Pt 2):R523-30.

109. Croizier S, Prevot V, Bouret SG. Leptin Controls Parasympathetic Wiring of
the Pancreas during Embryonic Life. Cell Rep. 2016;15(1):36-44.

110. Yang YHC, Kawakami K, Stainier DY. A new mode of pancreatic islet
innervation revealed by live imaging in zebrafish. Elife. 2018;7.

111. Chien HJ, Chiang TC, Peng SJ, Chung MH, Chou YH, Lee CY, et al. Human
pancreatic afferent and efferent nerves: mapping and 3-D illustration of exocrine,
endocrine, and adipose innervation. Am J Physiol Gastrointest Liver Physiol.
2019;317(5):G694-g706.

112. Tsuchiya M, Misaka R, Nitta K, Tsuchiya K. Transcriptional factors, Mafs
and their biological roles. World J Diabetes. 2015;6(1):175-83.

113. Katsuoka F, Yamamoto M. Small Maf proteins (MafF, MafG, MafK):
History, structure and function. Gene. 2016;586(2):197-205.

114. YangY, Cvekl A. Large Maf Transcription Factors: Cousins of AP-1 Proteins
and Important Regulators of Cellular Differentiation. Einstein J Biol Med.
2007;23(1):2-11.

72



115. EI Khattabi I, Sharma A. Proper activation of MafA is required for optimal
differentiation and maturation of pancreatic -cells. Best Pract Res Clin Endocrinol
Metab. 2015;29(6):821-31.

116. Matsuoka TA, Artner I, Henderson E, Means A, Sander M, Stein R. The
MafA transcription factor appears to be responsible for tissue-specific expression of
insulin. Proc Natl Acad Sci U S A. 2004;101(9):2930-3.

117. Kataoka K, Han SI, Shioda S, Hirai M, Nishizawa M, Handa H. MafA is a
glucose-regulated and pancreatic beta-cell-specific transcriptional activator for the
insulin gene. J Biol Chem. 2002;277(51):49903-10.

118. Matsuoka TA, Zhao L, Artner I, Jarrett HW, Friedman D, Means A, et al.
Members of the large Maf transcription family regulate insulin gene transcription in
islet beta cells. Mol Cell Biol. 2003;23(17):6049-62.

119. Aramata S, Han SI, Yasuda K, Kataoka K. Synergistic activation of the
insulin gene promoter by the beta-cell enriched transcription factors MafA, Beta2,
and Pdx1. Biochim Biophys Acta. 2005;1730(1):41-6.

120. Aguayo-Mazzucato C, Koh A, El Khattabi [, Li WC, Toschi E, Jermendy A,
et al. Mafa expression enhances glucose-responsive insulin secretion in neonatal rat
beta cells. Diabetologia. 2011;54(3):583-93.

121. He KH, Juhl K, Karadimos M, El Khattabi I, Fitzpatrick C, Bonner-Weir S,
et al. Differentiation of pancreatic endocrine progenitors reversibly blocked by
premature induction of MafA. Dev Biol. 2014;385(1):2-12.

122. Jeon J, Correa-Medina M, Ricordi C, Edlund H, Diez JA. Endocrine cell
clustering during human pancreas development. J Histochem Cytochem.
2009;57(9):811-24.

123. Blodgett DM, Nowosielska A, Afik S, Pechhold S, Cura AJ, Kennedy NJ, et
al. Novel Observations From Next-Generation RNA Sequencing of Highly Purified
Human Adult and Fetal Islet Cell Subsets. Diabetes. 2015;64(9):3172-81.

124. Zhang C, Moriguchi T, Kajihara M, Esaki R, Harada A, Shimohata H, et al.
MafA is a key regulator of glucose-stimulated insulin secretion. Mol Cell Biol.
2005;25(12):4969-76.

125. Nishimura W, Takahashi S, Yasuda K. MafA is critical for maintenance of
the mature beta cell phenotype in mice. Diabetologia. 2015;58(3):566-74.

126. Chal, Tong X, Walker EM, Dahan T, Cochrane VA, Ashe S, et al. Species-
specific roles for the MAFA and MAFB transcription factors in regulating islet 3
cell identity. JCI Insight. 2023;8(16).

127. Matsuoka TA, Kaneto H, Miyatsuka T, Yamamoto T, Yamamoto K, Kato K,
et al. Regulation of MafA expression in pancreatic beta-cells in db/db mice with
diabetes. Diabetes. 2010;59(7):1709-20.

128. Bonnavion R, Jaafar R, Kerr-Conte J, Assade F, van Stralen E, Leteurtre E,
et al. Both PAX4 and MAFA are expressed in a substantial proportion of normal
human pancreatic alpha cells and deregulated in patients with type 2 diabetes. PLoS
One. 2013;8(8):¢72194.

129. Rezania A, Bruin JE, Arora P, Rubin A, Batushansky I, Asadi A, et al.
Reversal of diabetes with insulin-producing cells derived in vitro from human
pluripotent stem cells. Nat Biotechnol. 2014;32(11):1121-33.

73



130. Hang Y, Stein R. MafA and MafB activity in pancreatic  cells. Trends
Endocrinol Metab. 2011;22(9):364-73.

131. Artner I, Le Lay J, Hang Y, Elghazi L, Schisler JC, Henderson E, et al. MafB:
an activator of the glucagon gene expressed in developing islet alpha- and beta-cells.
Diabetes. 2006;55(2):297-304.

132. Blanchi B, Kelly LM, Viemari JC, Lafon I, Burnet H, Bévengut M, et al.
MafB deficiency causes defective respiratory rhythmogenesis and fatal central
apnea at birth. Nat Neurosci. 2003;6(10):1091-100.

133. Artner I, Blanchi B, Raum JC, Guo M, Kaneko T, Cordes S, et al. MafB is
required for islet beta cell maturation. Proc Natl Acad Sci U S A.
2007;104(10):3853-8.

134. Nishimura W, Rowan S, Salameh T, Maas RL, Bonner-Weir S, Sell SM, et
al. Preferential reduction of beta cells derived from Pax6-MafB pathway in MafB
deficient mice. Dev Biol. 2008;314(2):443-56.

135. Katoh MC, Jung Y, Ugboma CM, Shimbo M, Kuno A, Basha WA, et al.
MafB Is Critical for Glucagon Production and Secretion in Mouse Pancreatic a Cells
In Vivo. Mol Cell Biol. 2018;38(8).

136. Guo S, Dai C, Guo M, Taylor B, Harmon JS, Sander M, et al. Inactivation of
specific [ cell transcription factors in type 2 diabetes. J Clin Invest.
2013;123(8):3305-16.

137. Gao Z, Lee P, Stafford JM, von Schimmelmann M, Schaefer A, Reinberg D.
An AUTS2-Polycomb complex activates gene expression in the CNS. Nature.
2014;516(7531):349-54.

138. Saia Cereda VAM, Sharma A, Flanagan K, Elmsaouri S, Steiner S, Benassi
S, et al. Human AUTS2 regulates neurodevelopmental pathways via dual
DNA/RNA binding. bioRxiv. 2025.

139. Miinchberg SR, Steinbeisser H. The Xenopus Ets transcription factor XER81
is a target of the FGF signaling pathway. Mech Dev. 1999;80(1):53-65.

140. Raible F, Brand M. Tight transcriptional control of the ETS domain factors
Erm and Pea3 by Fgf signaling during early zebrafish development. Mech Dev.
2001;107(1-2):105-17.

141. Shekhar A, Lin X, Liu FY, Zhang J, Mo H, Bastarache L, et al. Transcription
factor ETV1 is essential for rapid conduction in the heart. J Clin Invest.
2016;126(12):4444-59.

142. Shekhar A, Lin X, Lin B, Liu FY, Zhang J, Khodadadi-Jamayran A, et al.
ETVI activates a rapid conduction transcriptional program in rodent and human
cardiomyocytes. Sci Rep. 2018;8(1):9944.

143. Ziojta NM, Socha M, Guerra MC, Kizewska D, Blaszczyk K, Urbaniak E, et
al. ETVs dictate hPSC differentiation by tuning biophysical properties. Nat
Commun. 2025;16(1):1999.

144. Calabi F, Pannell R, Pavloska G. Gene targeting reveals a crucial role for
MTGS in the gut. Mol Cell Biol. 2001;21(16):5658-66.

145. Kim YR, Kim MS, Lee SH, Yoo NJ. Mutational analysis of RUNX1T1 gene
in acute leukemias, breast and lung carcinomas. Leuk Res. 2011;35(9):e157-8.

74



146. Benitez CM, Qu K, Sugiyama T, Pauerstein PT, Liu Y, Tsai J, et al. An
integrated cell purification and genomics strategy reveals multiple regulators of
pancreas development. PLoS Genet. 2014;10(10):¢1004645.

147. LiuY, MacDonald RJ, Swift GH. DNA binding and transcriptional activation
by a PDX1.PBX1b.MEIS2b trimer and cooperation with a pancreas-specific basic
helix-loop-helix complex. J Biol Chem. 2001;276(21):17985-93.

148. Zhang X, Friedman A, Heaney S, Purcell P, Maas RL. Meis homeoproteins
directly regulate Pax6 during vertebrate lens morphogenesis. Genes Dev.
2002;16(16):2097-107.

149. Segerstolpe A, Palasantza A, Eliasson P, Andersson EM, Andréasson AC,
Sun X, et al. Single-Cell Transcriptome Profiling of Human Pancreatic Islets in
Health and Type 2 Diabetes. Cell Metab. 2016;24(4):593-607.

150. Olaniru OE, Hook P, Persaud SJ. Using single-cell multi-omics screening of
human fetal pancreas to identify novel players in human beta cell development.
Diabet Med. 2022;39(12):¢14992.

151. Metukuri MR, Zhang P, Basantani MK, Chin C, Stamateris RE, Alonso LC,
et al. ChREBP mediates glucose-stimulated pancreatic B-cell proliferation.
Diabetes. 2012;61(8):2004-15.

152. Jing G, Chen J, Xu G, Shalev A. Islet ChREBP-f is increased in diabetes and
controls ChREBP-a and glucose-induced gene expression via a negative feedback
loop. Mol Metab. 2016;5(12):1208-15.

153. Ahn B. The Function of MondoA and ChREBP Nutrient-Sensing Factors in
Metabolic Disease. Int J] Mol Sci. 2023;24(10).

154. Hara M, Wang X, Kawamura T, Bindokas VP, Dizon RF, Alcoser SY, et al.
Transgenic mice with green fluorescent protein-labeled pancreatic beta -cells. Am J
Physiol Endocrinol Metab. 2003;284(1):E177-83.

155. Artner I, Hang Y, Mazur M, Yamamoto T, Guo M, Lindner J, et al. MafA
and MafB regulate genes critical to beta-cells in a unique temporal manner.
Diabetes. 2010;59(10):2530-9.

156. Hayashi S, Tenzen T, McMahon AP. Maternal inheritance of Cre activity in
a Sox2Cre deleter strain. Genesis. 2003;37(2):51-3.

157. Ravassard P, Hazhouz Y, Pechberty S, Bricout-Neveu E, Armanet M,
Czernichow P, et al. A genetically engineered human pancreatic f cell line
exhibiting glucose-inducible insulin secretion. J Clin Invest. 2011;121(9):3589-97.
158. Dymond JS. Explanatory chapter: quantitative PCR. Methods Enzymol.
2013;529:279-89.

159. Cheng K, Andrikopoulos S, Gunton JE. First phase insulin secretion and type
2 diabetes. Curr Mol Med. 2013;13(1):126-39.

160. Gandasi NR, Yin P, Omar-Hmeadi M, Ottosson Laakso E, Vikman P, Barg
S. Glucose-Dependent Granule Docking Limits Insulin Secretion and Is Decreased
in Human Type 2 Diabetes. Cell Metab. 2018;27(2):470-8.e4.

161. Hang Y, Yamamoto T, Benninger RK, Brissova M, Guo M, Bush W, et al.
The MafA transcription factor becomes essential to islet B-cells soon after birth.
Diabetes. 2014;63(6):1994-2005.

75



162. Wang H, Brun T, Kataoka K, Sharma AJ, Wollheim CB. MAFA controls
genes implicated in insulin biosynthesis and secretion. Diabetologia.
2007;50(2):348-58.

163. Camunas-Soler J, Dai XQ, Hang Y, Bautista A, Lyon J, Suzuki K, et al.
Patch-Seq Links Single-Cell Transcriptomes to Human Islet Dysfunction in
Diabetes. Cell Metab. 2020;31(5):1017-31.¢4.

164. Mularoni L, Ramos-Rodriguez M, Pasquali L. The Pancreatic Islet Regulome
Browser. Front Genet. 2017;8:13.

165. Mahajan A, Taliun D, Thurner M, Robertson NR, Torres JM, Rayner NW, et
al. Fine-mapping type 2 diabetes loci to single-variant resolution using high-density
imputation and islet-specific epigenome maps. Nat Genet. 2018;50(11):1505-13.
166. Pauerstein PT, Tellez K, Willmarth KB, Park KM, Hsueh B, Efsun Arda H,
et al. A radial axis defined by semaphorin-to-neuropilin signaling controls
pancreatic islet morphogenesis. Development. 2017;144(20):3744-54.

167. Staels W, Heremans Y, Heimberg H, De Leu N. VEGF-A and blood vessels:
a beta cell perspective. Diabetologia. 2019;62(11):1961-8.

168. Nishimura W, Kondo T, Salameh T, El Khattabi I, Dodge R, Bonner-Weir S,
et al. A switch from MafB to MafA expression accompanies differentiation to
pancreatic beta-cells. Dev Biol. 2006;293(2):526-39.

169. Bankaitis ED, Bechard ME, Gu G, Magnuson MA, Wright CVE. ROCK-
nmMpyoll, Notch and Neurog3 gene-dosage link epithelial morphogenesis with cell
fate in the pancreatic endocrine-progenitor niche. Development. 2018;145(18).
170. Magenheim J, Klein AM, Stanger BZ, Ashery-Padan R, Sosa-Pineda B, Gu
G, et al. Ngn3(+) endocrine progenitor cells control the fate and morphogenesis of
pancreatic ductal epithelium. Dev Biol. 2011;359(1):26-36.

171. Westmoreland JJ, Kilic G, Sartain C, Sirma S, Blain J, Rehg J, et al. Pancreas-
specific deletion of Prox1 affects development and disrupts homeostasis of the
exocrine pancreas. Gastroenterology. 2012;142(4):999-1009.¢6.

172. De Vas MG, Kopp JL, Heliot C, Sander M, Cereghini S, Haumaitre C. Hnflb
controls pancreas morphogenesis and the generation of Ngn3+ endocrine
progenitors. Development. 2015;142(5):871-82.

173. Russell R, Carnese PP, Hennings TG, Walker EM, Russ HA, Liu JS, et al.
Loss of the transcription factor MAFB limits -cell derivation from human PSCs.
Nat Commun. 2020;11(1):2742.

174. Krivova Y, Proshchina A, Barabanov V, Leonova O, Saveliev S. Structure of
neuro-endocrine and neuro-epithelial interactions in human foetal pancreas. Tissue
Cell. 2016;48(6):567-76.

175. Rosengren AH, Jokubka R, Tojjar D, Granhall C, Hansson O, Li DQ, et al.
Overexpression of alpha2A-adrenergic receptors contributes to type 2 diabetes.
Science. 2010;327(5962):217-20.

176. Ganic E, Singh T, Luan C, Fadista J, Johansson JK, Cyphert HA, et al. MafA-
Controlled Nicotinic Receptor Expression Is Essential for Insulin Secretion and Is
Impaired in Patients with Type 2 Diabetes. Cell Rep. 2016;14(8):1991-2002.

177. Tournier JIM, Maouche K, Coraux C, Zahm JM, Cloéz-Tayarani I, Nawrocki-
Raby B, et al. alpha3alphaSbeta2-Nicotinic acetylcholine receptor contributes to the

76



wound repair of the respiratory epithelium by modulating intracellular calcium in
migrating cells. Am J Pathol. 2006;168(1):55-68.

178. Muraro MJ, Dharmadhikari G, Griin D, Groen N, Dielen T, Jansen E, et al.
A Single-Cell Transcriptome Atlas of the Human Pancreas. Cell Syst.
2016;3(4):385-94.¢e3.

179. XinY, Kim J, Okamoto H, Ni M, Wei Y, Adler C, et al. RNA Sequencing of
Single Human Islet Cells Reveals Type 2 Diabetes Genes. Cell Metab.
2016;24(4):608-15.

180. Bsharat S, Monni E, Singh T, Johansson JK, Achanta K, Bertonnier-Brouty
L, et al. MafB-dependent neurotransmitter signaling promotes 3 cell migration in
the developing pancreas. Development. 2023;150(6).

181. de la OS, Yao X, Chang S, Liu Z, Sneddon JB. Single-cell chromatin
accessibility of developing murine pancreas identifies cell state-specific gene
regulatory programs. Mol Metab. 2023;73:101735.

182. Asplund O, Storm P, Chandra V, Hatem G, Ottosson-Laakso E, Mansour-Aly
D, et al. Islet Gene View-a tool to facilitate islet research. Life Sci Alliance.
2022;5(12).

183. Yuan SH, Qiu Z, Ghosh A. TOX3 regulates calcium-dependent transcription
in neurons. Proc Natl Acad Sci U S A. 2009;106(8):2909-14.

184. Oksenberg N, Stevison L, Wall JD, Ahituv N. Function and regulation of
AUTS2, a gene implicated in autism and human evolution. PLoS Genet.
2013;9(1):e1003221.

77






